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Intermediate filament (IFs) proteins form flexible fibrous structures that 
provide vital mechanical support in cells of higher eukaryotes. Nuclear 
structure and function are governed by lamins, which are intermediate 
filaments mostly consisting of α-helices. Therefore, it is necessary to 
determine the mechanism of lamin assembly to understand the dynamic 
functions of the nuclear membrane. Different lamin assembly models have 
been proposed based on low resolution or fragmented structures. However, 
their assembly mechanisms at the molecular level are poorly understood. 
Here, I present a crystal structure of a long human lamin fragment at a 3.2 Å  
 
 ii 
resolution, which allows for the visualization of the full-length features. The 
structure shows the anti-parallel arrangement of two coiled-coil dimers, 
which is important for the assembly process. The anti-parallel interaction 
corresponded to the ‘A11 interaction’ of vimentin. Furthermore, another new 
interaction (eA22) involved in longitudinal elongation of lamin filament was 
discovered by using chemical cross-linking and mass analysis. Based on these 
two interactions (A11 and eA22 interaction), a molecular mechanism of lamin 
assembly was proposed that is in agreement with a recent model representing 
the native state and could explain pathological mutations.  
Furthermore, it was observed that the altered binding strength of 
eA22 interaction when the mutations were introduced to the residues at a, d 
position of coil 1a to discover the role of coil 1a on the longitudinal extension 
of filament. The result indicated that the binding affinity of eA22 interactions 
is altered depending on the stability of coil 1a dimer. Consistent results were 
obtained in the nuclear shapes and the distribution of the lamin A/C when the 
mutant lamin genes were overexpressed in the cell lines. This study provides 
an insight to understand the role of coil 1a as a molecular switch in the eA22 
interaction, which contributes to the molecular basis for the development of 
a new treatment against laminopathies.  
 
 iii 
 A silent mutation of the lamin A/C gene, leading to the production of 
a C-terminally truncated protein (called progerin), causes Hutchinson-Gilford 
progeria syndrome (HGPS). A deformed nuclear shape is a hallmark of HGPS 
cells, which shares with normal aged cells. A recent study found that progerin 
makes a direct interaction with a middle fragment of lamin A/C, which leads 
to nuclear deformation. A synthetic compound (called JH4), blocking the 
interaction between the progerin and meddle fragment of lamin A/C, 
ameliorated the aging phenotypes both in cells and mouse models. The natural 
compounds were discovered that interrupt progerin-mediated interaction. Of 
these, the flavonoid morin was investigated further characterization. Morin 
showed an effect on the interruption of the progerin-mediated interaction. 
Treatment of morin to progerin-expressing cells and HGPS cells alleviated 
the nuclear deformation, which is comparable to the previous synthetic 
compound JH4. Since morin is a naturally occurring substance with the 
antioxidant activity, it has the potential to develop as a functional food to 
improve lifespan and health in both HGPS patients and normal aged persons. 
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Chapter 1. Introduction 
 
1.1. Intermediate filament 
1.1.1. The domain organization of intermediate filament 
The intermediate filament (IF) proteins form flexible fibrous structures 
that provide vital mechanical support in the higher eukaryote cells. 
Intermediate filaments refer to the intermediate fibers (~10 nm), whose 
diameter is between actin filaments (~6 nm) and microtubules (~25 nm) 
(Goldman, 1971; Ishikawa et al., 1968). All IF proteins follow a common 
structural principle comprising of a central α-helical rod, unstructured N-
terminal head, and non-helical C- terminal tail domains. The rod domain 
is comprised of three segments interrupted by two linkers; coil 1a, L1, 
coil 1b, L12, and coil 2 (Chou and Fasman, 1978). Those of structural 
features and length of central rod domain are conserved in the IF proteins. 
Since the central rod domains have a high propensity to form coiled-coil 
dimer, a dimer of the IF proteins has been considered as a minimal unit 
to assemble into higher-order structures. The assembly mechanism of the 
canonical IF proteins (IF proteins except for lamins) has been reported 




1.1.2. Classification of intermediate filament proteins 
Comparing the amino acid sequences of various IF proteins, it has been 
classified into “type I” - “type V” (Conway and Parry, 1988). 
Interestingly, this sequence-derived classification has been interpreted to 
reflect its biological functions and tissue origin. According to the 
classification, types I and II consist of two groups of keratins. The acidic 
keratins were termed type I and the neutral-basic keratins type II (Jacob 
et al., 2018; Schweizer et al., 2006), which are expressed in epithelial 
cells. Type III intermediate filament proteins consist of vimentin and 
desmin, which is specifically expressed in glial cells (Franke et al., 1979; 
Herrmann and Aebi, 2016; Lazarides and Hubbard, 1976). The type IV 
intermediate filament proteins contain synemin, nestin, and three 
neurofilaments (NF) proteins including light NF (NF-L), medium NF 
(NF-M), and heavy NF (NF-H) (Hoffman and Lasek, 1975; Lendahl et 





1.2. Nuclear lamins  
1.2.1. Expression of nuclear lamins 
Based on the genomic structure and sequence homology, the nuclear 
lamins were identified as type V of five subtypes of the IF superfamily. 
According to the expression patterns, two major types of lamins are 
recognized; A-type and B-type. B-type lamins are expressed in all 
metazoan cells. On the other hand, A-type lamins are only expressed in 
the differentiated cells of the higher complex organisms (Burke and 
Stewart, 2013). 
In mammalian cells, three genes encode predominantly four 
major isoforms, two A-type lamins; A and C and two B-type lamins; B1 
and B2, and three minor lamin isoforms; A△10, C2, and B3. The LMNA 
gene encodes the A-type lamins including the major isoforms A and C, 
whereas LMNB1 and LMNB2 genes encode B-type lamins containing B1 
and B2, respectively.  
Lamin A and B have been considered as that they are co-
assembled to form the filament (Gruenbaum and Foisner, 2015; Kapinos 
et al., 2010). However, several lines of experimental results indicate that 
lamin A and B polymerize to form separate filament networks that 
concentrate underneath the INM in the somatic cell (Goldberg et al., 
 
 １７ 
2008). At the cellular level, both types of proteins contribute to 
maintaining the mechanical properties of the nucleus. Elastic mechanical 
properties of the nucleus are determined by B-type lamins, which 
regulate the deformation of the nuclear envelope (Dahl et al., 2004). A-
type lamins contribute to nuclear stiffness by giving the deformation-
resistant viscosity to the nucleus (Broers et al., 2004; Lammerding et al., 
2006).  
 
1.2.2. The domain organization of lamins  
Like other IF proteins, lamins share similar protein domains; an 
unstructured N-terminal head domain, a coiled-coil central rod domain, 
and a C-terminal tail domain. The three a-helical domains (coils 1a, 1b, 
and 2) in the central rod domain are separated by two linkers (linkers L1 
and L2). Unlike the other IF proteins, lamins contain an additional 42 
residues in their coil 1B segments. The tail domain of lamins contains a 
nuclear localization signal (NLS), a globular immunoglobulin fold (Ig-
like domain), and a conserved CaaX motif (C, cysteine residue; a, 
aliphatic residue; and X, any residue) (Gruenbaum and Foisner, 2015; 




1.2.3. Post-translational modification of lamins 
Lamin proteins initially expressed as pre-lamins and undergo post-
translationally modification in several ways to become mature lamins. 
Almost all lamins contain a CaaX motif at the carboxyl terminus, which 
is modified to post-translational farnesylation. The cysteine residue of 
the CaaX motif is farnesylated by farnesyltransferase. Subsequently, the 
last three amino acids (aaX) is removed by an endoprotease including 
Ras-converting enzyme (Rce1) or Zinc metalloprotease (Zmpste24). The 
third modification is a process of carboxymethylation, the cysteine 
residue is catalyzed by isoprenylcysteine carboxyl methyltransferase 
(ICMT). Unlike B-type lamins including the farnesylated cysteine in 
their mature form, lamin A undergoes an additional cleavage of the last 
15 amino acids, containing the farnesylated cysteine by ZMPSTE24. 
Lamin C does not undergo the post-translational farnesylation since it 
has a shorter C-terminal which does not contain the CaaX motif. 
Early studies revealed that the lamins are phosphorylated during 
mitosis, resulting in the reversible disassembly of the nuclear lamina 
(Ottaviano and Gerace 1985). Lamins contain numerous 
phosphorylation sites of the serine and threonine residues, with more 
than 30 known sites. The N-terminal head domain of all lamins contains 
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highly conserved sites, which are phosphorylated by the mitotic cyclin-
dependent kinase CDK1 (Machowska et al., 2015). The phosphorylation 
of lamin by CDK1 and protein kinase C (PKC) derives the disassembly 
of lamins during the nuclear envelop breakdown at the beginning of 
mitosis (Dessev et al., 1990; Mall et al., 2012; Peter et al., 1990). During 
the telophase/early G1 transition, protein phosphatase 1a is involved in 
the dephosphorylation of the mitotic sites for re-assembly of lamins 
(Thompson et al., 1997). In addition, phosphorylation of serine and 
threonine residues adjacent to the NLS sequence by PKC is known to 
regulate the import of lamins into the nucleus (Hennekes et al., 1993; 
Leukel and Jost, 1995).  
 
1.2.4. Assembly of lamins 
The central rod domain consisting of α-helices is essential for the 
assembly of the nuclear lamina. Each α-helical segment has a high 
propensity to form coiled-coil dimers in parallel with each other. The 
coiled-coil interactions follow the seven-residues (heptad; a, b, c, d, e, f, 
and g) periodicity. Positions a and d preferentially contain hydrophobic 
residues and the charged polar residues are occupied repeats e and g. The 
α-helical segment following the heptad repeat pattern likely to form a 
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left-handed coiled-coil structure (Herrmann and Aebi, 2016).  
 Electron microscope analysis has shown that parallel associated 
lamin dimers with two globular domains corresponding to the C-terminal 
tail domain which has 52–55-nm-long rod-like shape (Heitlinger et al., 
1991). The lamin dimers associate longitudinally to form the head-to-tail 
manner (Heitlinger et al., 1991; Stuurman et al., 1996). Tetrameric 
protofilaments lead to the formation of 10-nm-thick filaments (Ben-
Harush et al., 2009; Stuurman et al., 1996).  
Recently, cryo-electron tomography (cryo-ET) study revealed that 
lamins form 3.5-nm-thick filaments (Turgay et al., 2017) that are 
remarkably different from other canonical 10-nm thick IF proteins and 
the proposed assembly model of lamins (Guzenko et al., 2017; Herrmann 
and Aebi, 2016; Herrmann et al., 1999; Herrmann and Strelkov, 2011; 




1.3. Functions of lamins 
1.3.1. Protein interactions 
Lamins interact with numerous functionally diverse proteins in the inner 
nuclear membrane (INM) and nucleoplasm (Wilson and Foisner, 2010). 
Lamin-binding proteins together with lamins have been described 
supporting nuclear architecture and mechanics as well as several nuclear 
functions (Dechat et al., 2008; Gruenbaum et al., 2005). Most of the 
lamin-interacting proteins identified to be caused by A-type lamins. 
Numerous direct or indirect interactions have been recognized by using 
various proteomics-based studies (Kubben et al., 2010).  
 The lamina-associated polypeptide 1 (LAP1) proteins have been 
first identified among the lamin binding proteins (LBPs) (Foisner and 
Gerace, 1993; Martin et al., 1995). LAP1 protein regulates ATPase torsin 
A activity, and this interaction might be important in neuronal cells 
(Waterham et al., 2003). Since the torsin A mutant has strengthened 
binding affinity to LAP1 protein, and it causes a disease of the central 
nervous system (Goodchild and Dauer, 2005).   
  The nuclei are mechanically connected to the cytoskeleton by 
SUN and KASH domain proteins which localized in the INM and ONM, 
respectively. Trimeric SUN proteins interact with three KASH proteins 
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forming LINC complexes in the perinuclear space (Crisp et al., 2006; 
Sosa et al., 2012). The LINC complexes have been emphasized in diverse 
functions important for migrating cells, nuclear positioning, nucleus 
morphology, and mechanics (Bouzid et al., 2019; Starr and Han, 2003; 
Tapley and Starr, 2013).  
The LEM proteins together with lamins contribute to 
maintaining the nuclear architecture and anchor heterochromatin to the 
lamina (Laguri et al., 2001; Wilson and Foisner, 2010). LEM proteins 
share the LEM domain which interacts with the Barrier to Auto 
integration Factor, BAF (Furukawa, 1999; Shumaker et al., 2001). 
Several LEM proteins interfere with signaling components in the INM 
by inducing away from their active transcription complexes (Gruenbaum 
and Foisner, 2015).   
 
1.3.2. Chromatin organization 
Heterochromatin is highly organized and normally located at the nuclear 
peripheral regions of the lamina in mammalian cells (Dechat et al., 2008). 
Gene-poor chromosome regions, such as telomeres, centromeres, and the 
inactive X chromosome, have preference to locate in the region of the 
nuclear lamina (Croft et al., 1999). Early biochemical evidence 
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supporting that C-terminal non-a helical domain of lamin A and N- and 
C-terminal tail domain of histones are involved in the interaction 
between lamins and chromatin (Hoger et al., 1991; Schmidt and Krohne, 
1995; Yuan et al., 1991).  
 Furthermore, lamins can bind directly DNA associated with the 
scaffold/matrix attachment regions, which has been recognized to 
involve in DNA replication, chromosome organization, chromatin 
condensation and regulation of transcription (Baricheva et al., 1996; 
Dechat et al., 2008). It was demonstrated that lamins directly regulate 
chromosome in studies from Lmna-/- mice, which show the dissociation 
of heterochromatin from the nuclear peripheral regions (Nikolova et al., 
2004; Sullivan et al., 1999). 
 In the cells from HGPS patients, altered specific histone marks 
were identified; reduced levels of the constitutive heterochromatin 
(H3K9me3 and H3K27me3) and increased levels of H4K20me3 which 
identify facultative heterochromatin (Columbaro et al., 2005; Martin and 
Zhang, 2005; Shumaker et al., 2006). Taken together, these findings 
reveal that mutations of lamin lead to global changes in the epigenetic 




1.3.3. DNA damage and repair 
Recent studies have suggested the role of lamins for DNA repair. An 
unprocessed lamin A protein, named progerin or farnesylated prelamin 
A leads to defect DNA repair. In the Zmpste24(-/-) cells, recruitment of 
the repair factor p53-binding protein (53BP1) to DNA damage region is 
impaired and sensitive to DNA damaging agents is increased since DNA 
damage is increased (Liu et al., 2005). Taken together, these findings 
emphasize the importance of normal lamin A functions in DNA repair.  
 
1.3.4. Cellular signaling 
A number of studies demonstrated that lamins directly associate with 
signaling components for cellular differentiation and homeostasis 
(Andres and Gonzalez, 2009; Naetar and Foisner, 2009). These 
interactions affect the repression of transcription by recruiting 
transcription factors and activation of transcription by taking away from 
their promoters (Heessen and Fornerod, 2007). Binding of lamins A/C 
and LAP2α stabilize the tumor suppressor protein retinoblastoma (Rb) 
which is a master regulator of cell proliferation (Markiewicz et al., 2002; 
Nitta et al., 2006; Ozaki et al., 1994). Lamin A complex provides a 
scaffold for the phosphatase 2A to efficiently dephosphorylate Rb, which 
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is required for the cell cycle arrest (Van Berlo et al., 2005). Conversely, 
when ERK1/2 is combined with lamin A, the complex releases Rb and 
which followed its cyclin-dependent kinase-mediated phosphorylation, 
resulting in the cell proliferation (Naetar and Foisner, 2009; Rodriguez 
et al., 2010).  
A-type lamins regulate AP-1 activity by recruiting c-Fos to the nuclear 
lamina in an ERK1/2-dependent manner, thereby inhibiting AP-1-
dependent transcription (Gonzalez et al., 2008; Ivorra et al., 2006). 
Conversely, c-Fos is rapidly released from the nuclear envelope by the 
ERK1/2-dependent phosphorylation which activates via mitogenic 
stimulation, resulting in the AP-1 activation. (Andres and Gonzalez, 
2009; Gonzalez et al., 2008). Thus A-type lamins affect the AP-1 




Several lines of evidence support the direct interaction of A-type lamins 
to associated proteins mediate the transcriptional regulation (Dittmer and 
Misteli, 2011). These interactions might affect the transcriptional 
regulation by recruiting the transcriptional regulators in the nuclear 
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peripheral regions, altering the posttranslational modifications of them, 
and influencing the assembly of transcriptional complexes. Lamin A/C 
directly or indirectly associates with several transcriptional regulators 
including Rb, cFos, Srebp1, and Mok2 (Malhas et al., 2009). These 
functions are highlighted since the laminopathy-associated mutations 





By the discovery of a variety of diseases associated with mutations in 
LMNA, the functional roles of nuclear lamins have been emphasized 
(Capell and Collins, 2006). Lamin associated diseases, which are 
referred to as ‘laminopathies’, have been discovered since 1999, 
resulting in the discovery of over 450 disease-related mutations to date 
(http://www.umd.be/LMNA/, (Bonne et al., 1999)). Most laminopathies 
include Emery Dreifuss muscular dystrophy (EDMD), dilated 
cardiomyopathy (DCM), Dunnigan-type familial partial lipodystrophy 
(FPLD), and Hutchinson-Gilford progeria syndrome (HPGS) which is a 
premature aging disorder (Schreiber and Kennedy, 2013; Worman and 
Bonne, 2007). These mutations might interfere to the nuclear stability, 
cause the defects of lamin assembly, or affect their biochemical 
properties which is important to interaction with lamin itself or lamin-
associated proteins (Bank et al., 2012; Bollati et al., 2012; Burke and 
Stewart, 2002a; Krimm et al., 2002). 
 
1.4.1. Emery Dreifuss muscular dystrophy (EDMD) 
Emery-Dreifuss muscular dystrophy (EDMD) is one of muscular 
dystrophy. It was first designated and named by Alan Emery and Fritz 
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Dreifuss. Mutations in LMNA cause autosomal dominant EDMD, 
autosomal recessive EDMD, and sporadic cases of EDMD (Bonne et al., 
1999; Manilal et al., 1998; Raffaele Di Barletta et al., 2000; Yates and 
Wehnert, 1999). Most missense mutations have been mapped in LMNA 
exons encoding the central rod domain of both lamin A and C (Bonne et 
al., 2000; Lin and Worman, 1993). The rod domain of lamins is 
considered essential for the formation of filament assembly. Therefore, 
misfolding of lamin proteins or failure to correctly filament assembly 
causes partial or complete loss of functions (Brown et al., 2001).  
 
1.4.2. Dilated Cardiomyopathy (DCM) and Limb Girdle Muscular 
Dystrophy type 1B (LGMD1B) 
DCM associated with LMNA mutations accounts for up to at least one-
third of DCM families reported up to now, indicating ventricular dilation, 
impaired systole and conduction defects (Sylvius et al., 2005). Numerous 
types of LMNA mutations also attributed to limb girdle muscular 
dystrophy type 1B (LGMD1B) affects the skeletal and cardiac muscles 
(Muchir et al., 2000; Todorova et al., 2003). The major features of 
LGMD1B are the absence of early tendon contractures and progressive 
muscle weakness (Helbling-Leclerc et al., 2002). These phenotypes have 
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been preserved in a single-family. For example, the classic phenotypes 
of DCM1A, LGMD1B, and EDMD were exhibited in each of the three 
family members. These studies give an insight into the potential for 
genetic background and/or epigenetic and environmental factors to 
influence laminopathy phenotypes (Burke and Stewart, 2002a).  
 
1.4.3. Dunnigan-type familial partial lipodystrophy (FPLD) 
Laminopathies associated with Dunnigan-type familial partial 
lipodystrophy (FPLD) is inherited in an autosomal dominant manner 
(Worman and Bonne, 2007). The major features of FPLD are loss of 
white adipose tissue from limbs, gluteal, and truncal regions, insulin 
resistance, and diabetes mellitus. There are three substitutions on Arg482 
residue (R482W, R482Q, and R482L) of lamin A/C which are 
responsible for FPLD (Cao and Hegele, 2000; Shackleton et al., 2000; 
Tu et al., 2016; Vigouroux and Capeau, 2005). LMNA mutations 
associated with FPLD are positioned on the surface of the Ig-like domain 
mutations, which cause Dunnigan-type familial partial lipodystrophy 
without change the structure, but inducing the modification of the 




1.4.4. Hutchinson-Gilford progeria syndrome (HPGS) 
Hutchinson-Gilford progeria syndrome (HGPS) is a premature aging 
syndrome caused by aberrant processing of post-translational 
modification of lamin A (Ghosh and Zhou, 2014; Scaffidi and Misteli, 
2006). HGPS patients usually die in their teens and suffer from 
sarcopenia, lipodystrophy, diabetes, cataracts, and atherosclerosis. Most 
common mutations causing HGPS is a silent mutation (G608G) which 
generates abnormal splicing donor site within exon 11 of the LMNA gene 
(Eriksson et al., 2003). The result of the mis-splicing product 50 amino 
acid deleted abnormal lamin, referred to progerin (De Sandre-Giovannoli 
et al., 2003). The farnesylated C-terminal cysteine of progerin remains 
intact since the deleted 50 amino acids contain the cleavage sites 
catalyzed by Zmpste24 (Liu and Zhou, 2008; Maraldi et al., 2005; Qin 
et al., 2011). However, the retained farnesylation of progerin could not 




1.5. Purpose of research 
Nuclear lamins maintaining the nuclear envelope have been implicated 
in a wide range of nuclear functions, including DNA repair, chromatin 
regulation, cellular signaling, DNA replication, and transcription. 
Mutations in lamins interfere with the normal function of lamins in the 
nuclear stability which causes the defects of lamin assembly or affects 
their biochemical properties which are important to interaction with 
lamin itself or lamin-associated proteins. Despite the numerous studies 
on lamin, it still has been a lack of understanding of the assembly 
mechanism of lamin at the molecular level. A recent study presented that 
progerin caused by a silent mutation of the lamin A/C gene could be 
synthesized during the normal aging process, leading to the nuclear 
deformation. This finding indicates an emphasis on the importance of 
lamin function.  
 In this study, I tried to identify the structure of lamin to present 
the mechanism of how lamin became assembly, and to interpret the cause 
of laminopathies at a molecular level, which only stayed in the 
understanding of the phenomenon. Furthermore, I tried to discover drug 
or functional food candidates that inhibit the combination of progerin 
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and lamin produced during the normal aging process and interfered with 
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Intermediate filament (IF) proteins form flexible fibrous structures that 
provide vital mechanical support in higher eukaryotic cells (Fuchs and 
Cleveland, 1998; Herrmann et al., 2007). All IF proteins have three 
domains: an unstructured N-terminal head, a central α-helical rod, and 
non-helical C-terminal tail domains (Guzenko et al., 2017; Herrmann et 
al., 2007; Herrmann and Strelkov, 2011). The central rod domain is 
further divided into three coiled-coil segments (coil 1a, 1b, and 2) and 
two flanking linkers (L1 and L12). The central rod domains have a high 
propensity to form coiled-coil dimers, which are further assembled into 
a 10-nm-thick filament in cells in several hierarchical steps in most IF 
proteins (Quinlan et al., 1986).   
The nuclear envelope structures are the hallmark of all eukaryotic 
cells, and the intact structures are important for the proper functioning of 
the nucleus and the cells. Nuclear lamins are IF proteins that play an 
essential role in maintaining the nuclear envelope structure (Aaronson 
and Blobel, 1975; Burke and Stewart, 2013). They have been implicated 
in diverse cellular processes, including mitosis, chromatin organization, 
DNA replication, and transcription (Dechat et al., 2010; Lee et al., 2016; 
Mattout et al., 2006). Many lamin mutations have been found to be 
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closely related to various human diseases, including muscular dystrophy 
and Hutchinson Gilford progeria syndrome (Dittmer and Misteli, 2011; 
Liu and Zhou, 2008; Maraldi et al., 2005).  
Compared to the canonical IF proteins, such as vimentin and 
keratin, the central rod domain of lamins has a longer coil 1b, and the 
non-helical C-terminal tail region contains an additional 
immunoglobulin (Ig)-like domain (Herrmann et al., 2007; Kapinos et al., 
2010). The fundamental soluble unit of lamin is a dimer, which is 
different from the tetrameric vimentin (Kapinos et al., 2010; Strelkov et 
al., 2004). The lamin assembly is formed by longitudinal and lateral 
association based on the coiled-coil dimers (Chernyatina et al., 2015; 
Turgay et al., 2017). Initially, many researchers studied lamin using the 
refolded proteins, proposing an assembly model with 2-4 nm overlap 
between the dimers by emphasizing the head-to-tail interaction between 
the dimeric units of lamin (Kapinos et al., 2010). Several fragments 
structures, together with vimentin fragment structures, have been 
determined, and full-length models of vimentin in the tetrameric 
arrangement have been proposed by combining the fragment structures 
and binding mapping with the electron paramagnetic resonance 
spectroscopy (Aziz et al., 2012; Chernyatina et al., 2015). Recently, a 
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cryo-electron tomography (cryo-ET) study revealed that lamins form 
3.5-nm-thick filaments (Turgay et al., 2017) that are remarkably different 
from other canonical 10-nm thick IF proteins and the proposed assembly 
model of lamin (Guzenko et al., 2017; Herrmann et al., 1999; Turgay et 
al., 2017; Wickert et al., 2005). The Ig-like domains of lamins were 
decorated at both sides of the filament with an interval of ~20 nm and 
various cross-sections (Turgay et al., 2017).  
The lamin filaments make up the three-dimensional meshwork 
underlying the inner nuclear envelope (Aebi et al., 1986; Dechat et al., 
2010; Goldman et al., 2002; Holaska et al., 2002). The intrinsic structural 
flexibility and self-aggregative properties of lamin have allowed the 
determination of only low-resolution electron microscopy (EM) 
structures and crystal structures of short fragments (Dhe-Paganon et al., 
2002; Krimm et al., 2002; Strelkov et al., 2004). To date, their assembly 
mechanisms at the molecular level are poorly understood (Kapinos et al., 
2011; Strelkov et al., 2001; Strelkov et al., 2004; Turgay et al., 2017). In 
this study, I determined the crystal structure of an N-terminal half 
fragment of the human lamin A/C, which was stably expressed and 
amenable to studies for the seamless full-length structures of lamin. This 
study provides a structural basis for how the lamin filament is assembled 
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2.2. Materials and Methods 
2.2.1. Plasmid construction 
For overexpression of lamin proteins, amplified DNA fragments coding 
for residues 1-300 (wild-type and A146C mutant), 1-125, 175-300, 250-
400 and 406-567 of lamin A/C were inserted into the pProEx-HTa vector 
(Thermo Fisher Scientific, MA, USA). The used oligonucleotide primer 
sequences were shown in Table 2.1. The resulting plasmids encoded the 
His-tag and the tobacco etch virus (TEV) protease cleavage site at the N-
terminus of the lamin proteins. To prevent overlapping of the peptides 
from the lamin 300 and 250-400 fragments digested by chymotrypsin for 
mass spectrometry analysis, a 286-400 fragment was constructed. The 
arginine 388 residue was replaced with cysteine, which enabled 
crosslinking of a lysine residue in the lamin 300 fragment through the 
primary amine and sulfhydryl reactive spacer of sulfosuccinimidyl 4-(N-
maleimidophenyl)butyrate (Sulfo-SMPB; Sigma Aldrich, USA). For 
immunofluorescence staining, amplified DNA fragments encoding wild 
type and the Y45C and L59R mutants of full-length lamin A/C were 
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2.2.2. Purification of the recombinant proteins 
To obtain the selenomethionyl-labeled protein for crystallization, the E. 
coli strain B834 (DE3; Novagen, USA) harboring the plasmid encoding 
the lamin A/C fragment (residues 1-300) was cultured in M9 medium 
supplemented with L-(+)-selenomethionine. The protein expression was 
induced by 0.5 mM IPTG at 30°C. The cells were harvested by 
centrifugation and resuspended in lysis buffer containing 20 mM Tris-
HCl (pH 8.0) and 150 mM NaCl. The cells were disrupted using 
sonication and the cell debris was removed using centrifugation. The 
supernatant was loaded onto Ni–NTA affinity agarose resin (Qiagen, The 
Netherlands), pre-incubated with lysis buffer. The target protein was 
eluted with lysis buffer supplemented with 250 mM imidazole. The 
eluate was treated with TEV protease to cleave the His-tag and then was 
loaded onto a HiTrap Q column (GE Healthcare, USA). A linear gradient 
of increasing NaCl concentration was applied to the HiTrap Q column. 
The fractions which contained the protein were applied onto a size-
exclusion chromatography column (HiLoad Superdex 200 26/600 
column; GE Healthcare), pre-equilibrated with lysis buffer. The purified 
protein containing lysis buffer was concentrated to 7 mg/mL and frozen 
at −70°C.  
 
 ４１ 
For biochemical assays, each plasmid encoding the lamin A/C 
fragments was transformed into E. coli BL21 (DE3; Novagen, USA) and 
cultured in LB or TB medium. The same procedure was used to purify 
the proteins. For the His-tagged proteins, the TEV protease treatment 
was not applied. 
 
2.2.3. Crystallization and structure determination 
The selenomethionine-labelled lamin protein (7 mg/mL) whose His-tag 
was cleaved off was crystallized in a precipitation solution containing 
0.1 M Tris-HCl (pH 8.5), 0.9 M lithium chloride, and 7% (w/v) PEG 
8000 using the hanging-drop vapor diffusion method at 14°C. Crystals 
with a size of ~ 300 μm were used for structure determination. The 
crystals were dipped in a cryoprotectant solution containing 3.75% (v/v) 
diethylene glycol, 3.75% (v/v) ethylene glycol, 3.75% (v/v) (+/-)-2-
methyl-2,4-pentanediol, 3.75% (v/v) 1,2-propanediol, 3.75% (v/v) 
dimethyl sulfoxide, and 3.75 mM 3-(1-pyridino)-1-propane sulfonate 
and flash-frozen in a nitrogen stream at −173°C. A single-wavelength 
anomalous diffraction (SAD) dataset was collected at Pohang 
Accelerator Laboratory Beamline 5C using Pilatus 3 6M Detector 
(Henrich et al., 2009) and processed with the HKL2000 package 
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(Otwinowski and Minor, 1997; Rice et al., 2000). The crystals belong to 
space group P21212 with unit-cell dimensions of a = 231.3 Å , b = 85.0 
Å , and c = 92.4 Å . Heavy atom searching was performed using 
SHELXC/D of the CCP4i package (McCoy et al., 2007; Sheldrick, 2010). 
The lamin 300 fragment contained three Met residues in the sequence. 
However, two Se-Met were identified per protomer in the SAD date by 
SHELXD. Eight Se-Met sites were identified because the asymmetric 
unit contained 4 protomers. Phase calculation and density modification 
were performed using Phaser of the PHENIX (Afonine et al., 2010; 
Headd et al., 2012). The programs COOT and PHENIX were used for 
model building and refinement (Afonine et al., 2012; Emsley and 
Cowtan, 2004; Headd et al., 2012). The final structure was refined at a 




Table 2.2. X-ray diffraction and refinement statistics 
Data collection Lamin 300 fragment (residues 1-300) 
  
Beamline Pohang Accelerator Laboratory Beamline 5C 
Wavelength (Å ) 0.9795 
Space group P21212 
Cell dimensions  
a, b, c (Å ) 231.3, 85.0, 92.3 
α, β, γ (°) 90, 90, 90 
Resolution (Å ) 50-3.2 (3.26-3.21) 
No. of reflections 40335 
Rmerge 0.11 (0.37) 
Rpim 0.04 (0.21) 
I/σI 11.5 (3.11) 
Completeness (%) 93.5 (80.8) 
Redundancy 5.7 (3.4) 
Refinement  
Resolution (Å ) 46.2-3.20 (3.26-3.21) 
No. reflections 40280 
Rwork/Rfree 0.207/0.260 
Total no. of atoms 7161 
No. ligands 0 
No. water molecules 0 
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Wilson B-factor (Å 2) 
Average B-factor (Å 2) 
39.3 
46.0 
R.M.S deviations  
Bond lengths (Å ) 0.002 
Bond angles (°) 0.453 
Ramachandran plot  
Favoured (%) 99.09 
Allowed (%) 0.93 
Outliers (%) 0.0 
PDB ID 6JLB 
* Values in parentheses are for the highest resolution shell. 
** Rmerge = ΣhklΣi|Ii(hkl) – [I(hkl)]|/ΣhklΣiIi(hkl), where Ii(hkl) is the intensity of the ith 
observation of reflection hkl and [I(hkl)] is the average intensity of i observations. 
*** Rp.i.m. = Σhkl (1/(n-1))
1/2 Σi|Ii(hkl) – [I(hkl)]|/ΣhklΣiIi(hkl). Rpim is the precision-
indicating (multiplicity-weighted) Rmerge. 





Molecular mass was determined with analytical size exclusion 
chromatography coupled with multi-angle light scattering (SEC-MALS). 
The protein samples (wild type and A146C mutant of the lamin 300 
fragment; 2.5mg/ml) were applied to a Superdex 200 Increase 5/150 GL 
column (GE healthcare), pre-equilibrated with a buffer containing 20 
mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM tris (2-carboxyethyl) 
phosphine (TCEP) or a non-reducing buffer containing Tris-HCl (pH 8.0) 
and 150 mM NaCl. The mass-averaged molecular weights were 
calculated using Debye analysis with ASTRA 6 software (WYATT, 
USA).  
 
2.2.5. Pull-down assays  
For Figure. 2.11, a pull-down assay was conducted by using immobilized 
lamin 300 A146C mutant protein. The lamin 300 A146C mutant protein 
was coupled to CNBr-activated Sepharose resin (GE Healthcare) and/or 
blocked with excessive 0.1 M Tris-HCl (pH 8.0) buffer containing 150 
mM NaCl. Four purified lamin fragments (residues 1-125, 175-300, 250-
400, and 406-567; 66 μM) were incubated with the lamin-coupled resin 
or Tris-blocked resin (for control), which were pre-equilibrated with a 
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20 mM Tris-HCl (pH 8.0) buffer containing 150 mM NaCl. After 
washing with the buffer, the resin was analysed using SDS-PAGE.  
 For Figure. 2.11c, His-tagged lamin proteins were immobilized 
on the Ni-NTA resin as bait. BSA or His-tag cleaved lamin proteins as 
prey were incubated on the His-lamin immobilized resin pre-equilibrated 
in a 20 mM Tris-HCl (pH 8.0) buffer containing 150 mM NaCl (or 50 
mM NaCl) at room temperature for 30 min. After washing with the 
buffer supplemented with 20 mM imidazole, the resin was analysed 
using SDS-PAGE.  
 
2.2.6. Cross-linking reaction and MS/MS analysis 
Purified lamin 286-400 R388C protein was incubated with 2 mM DTT 
and changed to a 20 mM HEPES (pH 7.5) buffer containing 50 mM 
NaCl, and 1 mM EDTA using a HiPrep 26/10 desalting column (GE 
Healthcare). Sulfo-SMPB (100 mM stock solution) was added in 0, 2.5, 
25, 125, and 250 μM to a mixture containing 20 μM lamin 300 and coil 
2 (286-400) R388C proteins for 1 h, and the reactions were stopped by 
a solution containing 40 mM Tris-HCl pH 7.5 and 40 mM L-cysteine. 
The reaction mixture was subjected to SDS-PAGE, and the protein 
bands of coil 2 R388C (14 kDa), lamin 300 (38 kDa), and their cross-
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linked structure (52 kDa) were further analysed by the MS/MS 
spectrometry. 
The corresponding protein bands were excised from the SDS-
polyacrylamide gel and were digested in-gel by chymotrypsin (Promega, 
USA) with a low specificity towards the C-termini of tyrosine, 
phenylalanine, tryptophan, and leucine according to the manufacturer’s 
manual. The digested peptides were extracted from the gel slices, as 
previously described48, and analysed on a nLC-Velos Pro mass 
instrument equipped with a PicoFritTM column, 100 mm, packed with 5 
μm Biobasic® C18 and an EASY-ColumnTM, 2 cm, packed with 5 μm 
C18 (Thermo Fisher Scientific). The LC condition operated at 0.3 μL 
min-1 was a 45-min linear gradient from 5% to 40% ACN in a 0.1% 
formic acid buffer solution, followed by a 10 min column wash with 80% 
ACN and a 20 min re-equilibration to the initial buffer condition. The 
full mass (MS1) scan was performed in a range of m/z 300 – 2000 in a 
positive ion mode. Data-dependent MS2 scans of the 7 most intense ions 
were performed from the full scan with scan options of 1.5 m/z isolation 
width, 25% normalized collision energy, and 30 s dynamic exclusion 
duration. The acquisitioned MS2 data were primarily analysed by a 
SEQUEST search with a maximum miscleavage of 2, precursor mass 
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tolerance 1.5 Da, fragment mass tolerance 1.0 Da, dynamic modification 
of lysine either blocked with a cysteine-conjugate cross-linker (Cys~K, 
+m/z 362.4) or cross-linked with a Cys388-Leu389 dipeptide (CL~K, 
+m/z 475.5) of the coil 2 R388C fragment, and static modification of the 
Cys388 residue blocked with a Tris-conjugate cross-linker (Tris~C, m/z 
362.4) in the coil 2 fragment band (14 kDa). After filtering out the 
peptide-to-spectrum matches (PSM) with a peptide probability above 
90%, the tandem mass spectra of the cross-linked peptides were 
manually assigned to the fragment ions generated from the collision-
induced dissociation of the precursor ion. The manually assigned tandem 
mass spectra of Tris-crosslinker conjugate Cys388-Leu389 dipeptide and 
target Lys171 cross-linked with the Cys388-Leu389 dipeptide are shown 






Figure 2.1. Extracted ion chromatogram (XIC) and a tandem mass 
spectrum of Tris-blocked cross-linker bound to Cys388-Leu389 
dipeptide in the coil 2 (286-400) R388C mutant protein  
(a) Excised gel bands for the analysis by nLC-MS/MS. Protein bands of 
the lamin 300 fragment and the cross-linked sample are labelled. To 
block the unreacted chemical cross-linker, excess cysteine was added. 
The major bands of ‘cross-linked’ (52 kDa), lamin 300 (38 kDa), (lamin 
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286-400 R388C)2 (30 kDa), and lamin 286-400 R388C (14 kDa) were 
excised and subjected to the subsequent MS/MS analysis.  
(b) Total ion (left y-axis) and extracted ion (right y-axis) chromatogram 
signals of Tris-blocked cross-linker bound to the asterisked cysteine sites 
of C*L (m/z = 597.4, z = +1), EGEEERLC*L (m/z = 721.1, z = +2), and 
C*LSPSPTSQRSRG (m/z = 869.7, z = +2) from in-gel chymotrypsin 
digestion of a coil 2 (286-400) R388C mutant protein, as described in the 
Materials and methods in the main text and Table 2.3.  
(c) Tandem mass spectrum and proposed structure of a CL dipeptide 
bound to a Tris-blocked cross-linker. * MS/MS analysis was performed 






Figure 2.2. The most probable target peptide in the lamin 300 
fragment, 166RGOVAK*LEAAL176, with or without modification of 
the asterisked Lsy171 position by a chemical cross-linker bound to a 
CL-dipeptide in the coil 2 (286-400) R388C mutant protein  
(a) Total ion (left y-axis) and extracted ion (right y-axis) chromatogram 
signals of the unmodified Lys171-containing peptide ion (stripped m/z = 
578.1, z = +2) at the RT of 23.2 min and the CL-crosslinked Lys171-
containing peptide ion (m/z 544.49, z = +3) at the RT of 29.4 min.  
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(b) An electrospray ionization-tandem mass spectrum of an unmodified 
Lys171-containing peptide.  
(c) An electrospray ionization-tandem mass spectrum of a Lys171-
containing peptide crosslinked with a CL dipeptide in the coil 2 286-400 







2.2.7. Isothermal Titration Calorimetry  
Isothermal titration calorimetry (ITC) experiments were carried out 
using an Auto-iTC200 Microcalorimeter (GE healthcare) at Korea Basic 
Science Institute (Ochang, Korea). His-tagged wild type or L59R mutant 
of lamin 300 fragment (20 μM; 0.7 mg/ml) was prepared in the sample 
cell (370 μL) and his-tagged 250-400 fragment (160 μM; 3 mg/ml) was 
loaded into the injectable syringe. All samples were prepared in PBS. 
Titration measurements of 19 injections (2 μL) with 150 sec spacing 
were performed at 25°C while the syringe was stirred at 750 rpm. The 
data were analyzed using the MicroCal OriginTM software. 
 
2.2.8. Immunofluorescence staining 
A human fibrosarcoma cell line (HT1080) and human neuroblastoma 
cell line (SH-SY-5Y) obtained from ATCC were maintained in liquid 
medium (DMEM) containing 10% (v/v) FBS, 1% (v/v) antibiotics at 
37°C. HT1080 or SH-SY-5Y cells were seeded on a cover glass and 
transfected with the plasmid coding wild type, Y45C or L59R mutant of 
full-length lamin A/C using jetPEI (Polyplus Transfection). After fixing 
with 1% (w/v) paraformaldehyde (PFA) for 1 h at 4°C, cells were 
permeabilized with 0.1% (v/v) Triton X-100 including 2.5 U/ml 
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benzonase (Calbiochem; 71206-3) or mock for 5 min and incubated with 
a blocking buffer containing PBS and anti-human antibodies (1:400) for 
1 h. After washing with PBS twice, the cells were incubated with anti-
lamin A/C (sc-376248; Santa Cruz Biotechnology) and anti-emerin (sc-
15378; Santa Cruz Biotechnology) primary antibodies (1:200) in the 
blocking buffer overnight, followed by secondary antibodies (anti-
mouse Ab-FITC and anti-rabbit Ab-rhodamine; 1:400) in the blocking 
buffer for 7 h and mounted. The nucleus was stained with DAPI. The 





2.3.1. Structural determination of the lamin fragment  
I determined the crystal structure of an N-terminal half fragment of 
human lamin A/C (residues 1-300; referred to as ‘lamin 300 fragment’ 
in this study) at a resolution of 3.2 Å . This spans the N-terminal head, 
coil 1a, L1, coil 1b, L12, and the first half of coil 2 (Figure. 2.3a and 
Table 2.1). The asymmetric unit consists of four protomers (chains A-D), 
which are bundled by an anti-parallel pair of parallel helical dimers 
(chain A:B and C:D). The four helical bundle structure showed the α-
helical conformations in an ~38-nm-long structure (Figure. 2.3b).  
 The analyses of the two helical dimers using the program 
TWISTER (Figure. 2.5a) (Strelkov and Burkhard, 2002) showed two 
different superhelical structures with regular α-helical regions. A typical 
left-handed coiled-coil conformation was found in most of the coil 1a 
and the N-terminal four-fifths of coil 1b (Figure. 2.5a), in which 
hydrophobic residues were regularly found at the heptad positions a and 
d (Figures. 2.4a and 2.5b; highlighted in yellow). Remarkably, 
significant bending was found in the regions near L1, probably caused 
by the crystal packing interactions (Figure. 2.4b left). The junction 
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between coil 1a and L1 (residues 65-69) showed a short α-helical 
segment without an inter-helical hydrophobic interaction (Figure. 2.4). 
Linker L1 and an adjacent coil 1b segment (residues 70-84) showed the 
hendecad pattern (Gruber and Lupas, 2003; Lupas and Bassler, 2017), 
which induces the formation of an untwisted helical section (Figures. 2.4 
and 2.5). The hendecad pattern is composed of 11 amino-acid repeats, 
where the residues at the a, d, and h positions are involved in the inter-
helical hydrophobic interactions (Figures. 2.4a and 2.5b; highlighted in 
magenta).  
In the helical dimers, coil 1b consists of the 18 N-terminal heptad 
repeats (residues 79-204) forming a left-handed coiled-coil structure 
(~22 nm; one and a half super-helical turn) and the two C-terminal 
hendecad repeats (residues 204-222) forming an untwisted helical 
section (Figures. 2.4 and 2.5). The hendecad repeat region in coil 1b is 
continuous to the N-terminal half of L12 (residues 223-230; Figures. 2.4a 
and 2.5b), unlike previous predictions proposing a flexible hinge 
conformation (Chernyatina et al., 2015; Strelkov et al., 2004). The 
untwisted helical section is bent asymmetrically near the junction 
between L12 and coil 2 (Figures. 2.4 and 2.5b), leading to mismatched 
inter-helical hydrophobic interactions (Figure. 2.6a). Interestingly, the 
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C-terminal end of the lamin 300 fragment interacts with the symmetry-
related molecules through hydrophobic interactions, as observed in the 








Figure 2.3. Structure of the asymmetric unit of the human lamin A/C fragment  
(a) Structural organization of human lamin A/C, consisting of the head, central rod, Ig-like, and C-terminal tail 
domains. The central rod domain is divided into subdomains (coil 1a, L1, coil 1b, L12, and coil 2). The start and end 
residues of coils 1a, 1b, and 2 are labeled with different C-termini in lamin A and lamin C. See also Table 2.2.  
(b) The asymmetric unit in the crystal of an N-terminal fragment (residues 1 - 300) of lamin A/C consists of four 
chains: A, B, C, and D. The ordered region in the crystal structure is indicated. Each subdomain is coloured according 





Figure 2.4. Structural-based superhelicity and sequence periodicity 
of the lamin C:D dimer  
(a) Structure-based analysis of the sequence periodicity of the heptad 
(shaded in brown or yellow) or hendecad (shaded in pink or magenta) 
repeats. The phases of the heptad (abcdefg) and hendecad (abcdefghijk) 
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repeats are described below the sequences. The hydrophobic residues (a, 
d, and h) involved in the inter-helical interaction are highlighted by 
shadowing. If no inter-helical interaction occurs, α is used instead. Bends 
in the α-helices are indicated by red arrows. The mismatched interaction 
between two α-helices is highlighted with linked blue circles. The 
disordered regions are masked with semi-transparent boxes. The 
analyses of the A:B dimer are provided in Figure 2.5b.  
(b) Inter-helical hydrophobic interactions of the linkers L1 and L12 
proximal regions in the C:D dimer. Heptad repeat periodicity exhibiting 
the left-handed coiled-coil structure is coloured brown, whereas the 
hendecad repeat periodicity in the untwisted α-helical dimer is coloured 
pink. Grey α-helices indicate an unmatched hydrophobic interaction 
between two α-helices in the dimer. Hydrophobic residues associated 
with inter-helical interactions in the L1 and L12 proximal regions are 
shown in stick representations in the orthogonal views. The bending in 







Figure 2.5. Structural and geometrical analyses of the A:B and C:D 
helical dimers 
(a) Structure and geometry of coiled-coil were analysed using the 
program TWISTER (Strelkov and Burkhard, 2002). The heptad repeat 
periodicity is in brown, with the coiled-coil (CC) pitch ranging from 100-
200 Å . The hendecad repeat periodicity is shown in pink with more than 
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300 Å  of the CC pitch. Regions lacking regular inter-helical interaction 
are shown in grey. Graphs representing the CC radius, CC pitch, and the 
increment of the coiled phase per residue are displayed.  
(b) Structure-based superhelicity and sequence periodicity of the A:B 
dimer in the lamin A/C fragment (residues 1-300). The colour schemes 
are shown as in Figure. 2.3a. Structure-based analysis of the sequence 
periodicity of the heptad (shaded in brown or yellow) or hendecad 
(shaded in pink or magenta) repeats. The phases of the heptad (abcdefg) 
and hendecad (abcdefghijk) repeats are described below the sequences. 
The hydrophobic residues (a, d, and h) are highlighted by shadowing. α 
indicates an α-helix that does not follow the heptad nor the hendecad 
rules. The bends in the α-helices are indicated by red arrows. The 
mismatched interaction between two α-helices is highlighted with linked 






Figure 2.6. Anti-parallel α-helical interactions of lamin and vimentin 
found in their crystal structures 
(a) The orthogonal view of the coil 2 region in the C:D dimer of the lamin 
300 structure in the crystal. Chains C and D (pink or grey) and their 
symmetry-related chains C’ and D’ (dark grey) are displayed in ribbon 
representations with inter-helical hydrophobic residues (stick 
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representations). The first hendecad repeat region (residues 241-277) of 
coil 2 is involved in the packing interactions.  
(b) The coil 2 region of the vimentin fragment (PDB code: 3KLT(Nicolet 
et al., 2010)) in the crystal. Similar to that of lamin A/C, the first 
hendecad repeat region (residues 265-301, corresponding to residues 




2.3.2. Antiparallel interaction between two coiled coils  
The tetrameric arrangement in the asymmetric unit is noteworthy. Coil 
1b and its flanking linker segments (residues 67-221) form the anti-
parallel contacts between coiled-coil dimers, and the remaining parts 
(coil 1a and coil 2) are bifurcated from both sides of the contacting region 
(Figure. 2.7a). The anti-parallel contact region is subdivided into a 
central compartment and two side compartments, and each compartment 
is composed of a pair of half super-helical turns of two α-helical dimers 
(Figure. 2.7a). The two side compartments with the internal pseudo-2-
fold symmetry exhibit cross-sectional variation. At the central 
compartment, the four α-helices form two dimers arranged in 
juxtaposition (Figures. 2.7a; c, 2.7b; c). The cross-section in the middle 
region is ~ 3.5 nm in width, which is similar to the thickness of the lamin 
filament model determined by cryo-ET (Turgay et al., 2017) (Figure. 
2.3b).  
Structural comparison of the anti-parallel contact region of lamin 
to the vimentin coil 1b structure depicting the A11 interaction revealed 
a striking structural similarity between the side compartments of lamin 
and the vimentin coil 1b (Figure. 2.7a). I further noticed that the insertion 
sequence of coil 1b of lamin on the sequence alignment to vimentin 
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represents the central compartment of the anti-parallel contact region 
(Figure. 2.8). Each side compartment has two hydrophobic patches for 
the anti-parallel inter-dimer interaction (Figures. 2.7b; a, b, d, and e). The 
inter-dimer interactions were not mediated by residues at the a, d, and h 
positions in the hendecad repeat regions, and neither was in vimentin 
(Figures. 2.8 and 2.9). In contrast, only slight contacts were found in the 
central compartment (Figure. 2.7b; c). At the junctions between the 
central and side compartments, each dimer is twisted by 90°, resulting in 
a parallel arrangement without direct contacts (Figure. 2.7a). From these 
observations, I concluded that the anti-parallel interaction between the 
two coiled-coil dimers in the asymmetric unit of lamin corresponds to 
the ‘A11 interaction’ of vimentin (Aziz et al., 2009; Aziz et al., 2012; 
Chernyatina et al., 2012; Steinert et al., 1993) (Figures. 2.7a and 2.9). 
Thus, the anti-parallel contact between the two dimers of lamin was 







Figure 2.7. A11 interaction of the lamin 300 fragment   
(a) Structural comparison of the tetrameric structures of the lamin 300 fragment (this study, residues 75-213) and 
vimentin coil 1b (PDB code: 3UF118, residues 144-251). Top panel, the anti-parallel contact region and its three 
compartments (left side, central part, and right side) of the lamin 300 fragment are indicated by double-headed arrows. 
Four chains (chain A-D) are in green, blue, violet, and yellow, respectively. Left and right-side parts of the lamin 300 
fragment and vimentin are marked as dotted boxes. The N and C terminus of each chain are indicated by N and C, 
respectively. The contact interfaces between chain A:B and C:D are marked as black boxes labeled with a, b, c, d, 
and e, which are enlarged in b.  
(b) Residues involved in hydrophobic or molecular contacts are shown in the stick representations. See also Figure. 






Figure 2.8. Sequence comparison of lamin A, lamin B1, and vimentin 
The domains and subdomains are indicated. The phases in the heptad 
(brown) or hendecad (pink) repeat, which was previously predicted 3, 4, 
are displayed above the sequences. Gaps in vimentin coil 1b were 
generated based on the structural comparison. Note that the nuclear 
localization signal (NLS) and Ig-like domains are found only in lamins. 
The conserved residues associated with the tetramer interaction between 






Figure 2.9. Structural comparison of the anti-parallel contact 
regions of the lamin 300 fragment (this study, residues 75-213) and 




(a) Left and right-side parts of the vimentin structure (bottom) are 
directly joined to the corresponding regions in the lamin 300 fragment 
(top).  
(b) Interface regions forming the tetramer (boxed regions in A) are 




2.3.3. The lamin A11 interaction for the lamin assembly process  
It is known that lamin proteins exist in the dimeric form in solution 
before forming the filament (Goldman et al., 2002; Strelkov et al., 2004). 
To probe the A11 interaction of lamin during the filament formation, I 
noted Ala146 at the center of the anti-parallel coiled-coil dimers, which 
would be close enough to make a disulfide bond if it is changed to 
cysteine (Figure. 2.7b; c). It was first observed that the A146C variant 
protein of the lamin 300 fragment formed a disulfide bond in SDS-PAGE, 
suggesting that the tetrameric arrangement is formed in solution (Figures. 
2.10c and d).  
Next, the molecular masses of the wild type and A146C variant 
of the lamin 300 fragment were compared by using size exclusion 
chromatography-multiangle light scattering (SEC-MALS). The A146C 
variant protein partially formed a larger complex indicating a tetramer, 
while the wild-type fragment mostly remained as a dimer. Moreover, the 
larger tetrameric complex was shifted into the dimeric size in the 
presence of a reducing agent (Figure. 2.10d). These results indicate that 
Ala146 makes a close contact between two dimers during the assembly 
process, as predicted from the crystal structure, and further suggests that 
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the tetrameric lamin formed by the A11 interaction represents a snapshot 




Figure 2.10. The oligomeric state of A146C mutant  
(a) SEC profile of the lamin 300 fragment A146C mutant and a molar ratio of disulfide-bonded proteins in each peak 
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on Superdex 200 10/300 column. Five labeled fractions (left) were analysed using non-reducing SDS-PAGE (middle), 
and the relative portion of disulfide-bonded protein (tetramer) to free Cys protein (dimer) was calculated based on 
the band intensity using ImageJ (right).  
(b) SEC-MALS analysis of lamin 300 fragment (2.5 mg/ml, wild type; left and A146C mutant; middle) in the 
absence (black line) or presence of a reducing agent TCEP (red line). The relative refractive index (right y-axis) and 
molecular weight of each peak (left y-axis) are plotted against the elution volume. The protein samples were also 
analysed using SDS-PAGE in the presence or absence of the reducing agent TCEP (right). Molecular sizes (kDa) of 
the marker proteins (M) are labeled on the left. Note that MALS might not give accurate values when two peaks 
were not resolved. Considering the SDS-PAGE analysis of the fractions (in c), the two peaks (middle) correspond to 
the tetramer and dimer, respectively.
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2.3.4. Enhanced binding of coil 2 by the A11 interaction 
I attempted to find the binding partners of the lamin 300 fragment with 
four candidate fragments, as shown in Figure. 2.11a. A binding assay 
was performed by using the A146C variant of the lamin 300 fragment 
that makes more stable A11 interactions than the wild type lamin 300 
fragment. Only the F3 fragment (residues 250-400) was bound to the 
A146C variant of the lamin 300 fragment (Figure. 2.11b). The F3 
fragment is roughly matched to coil 2 (residues 240 – 385) without the 
N-terminal 10 residues. The binding of the coil 2 fragment was weakened 
when the disulfide bond was reduced in the A146C variant of the lamin 
300 fragment, and the wild-type of the lamin 300 fragment also bound 
to the coil 2 fragment with a weaker affinity than the A146C variant of 
the lamin 300 fragment (Figure. 2.11c). These results showed that coil 2 
is bound to the lamin 300 fragment, and the binding affinity is increased 






Figure 2.11. Direct binding between the lamin fragments depending on the A11 interaction 
(a) Lamin fragments (F1-F4) were used for the binding assay. The sub-domains are coloured differently as shown in 
Figure. 2.3a. The start and end residues of the four fragments are indicated.  
(b) Identification of the binding partners of the lamin 300 fragment. Four purified fragments are shown in the left 
SDS-PAGE gel. An in vitro pull-down assay was conducted using the immobilized lamin 300 A146C mutant on 
CNBr-activated resin. Four candidate fragments (66 μM) were incubated with lamin 300 A146C-coupled resin or 
Tris-coupled resin under the non-reducing condition (right SDS-PAGE gel).  
(c) Comparison of binding affinity between the lamin 300 variants and F3 depending on A11 interaction. An in vitro 
pull-down assay was conducted using His-F3 (residues 250-400)-bound Ni-NTA resin. BSA and wild-type (WT; 
dimer), non-reduced A146C (A146C; tetramer), and reduced A146C (A146CR; dimer) of the lamin 300 fragment 
were incubated on the empty (-) or His-F3-bound (+) Ni-NTA resins. The resins were pre-equilibrated and washed 
with the 20 mM Tris-HCl (pH 8.0) buffer containing 150 mM (left) or 50 mM NaCl (right). For A146CR, the buffer 
was supplemented with 2 mM TCEP (reducing agent). The bound proteins in the resins were analysed using SDS-
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PAGE. Molecular weights (kDa) of the marker (M) are labeled on the left.
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2.3.5. The eA22 interaction 
 
To identify the binding sites between the lamin 300 fragment and the 
bound coil 2 fragment, a chemical cross-linking assay was conducted, 
followed by MS/MS analysis. Since both fragments contain many lysine 
residues without any cysteine residue, a cysteine residue was introduced 
at the Arg388 site in the C-terminal end region of a shorter coil 2 
fragment (residues 286 – 400). The cysteine residue would be covalently 
linked to a lysine residue of the lamin 300 fragment via sulfo-SMPB 
[sulfosuccinimidyl 4-(N-maleimidophenyl) butyrate] cross-linker if the 
coil 2 fragment is bound to the lamin 300 fragment. The treatment of the 
cross-linker at low concentration (2.5 μM) built up specific conjugate 
bands (~52 and ~30 kDa) on SDS-PAGE (Figure. 2.12a). The MS/MS 
analysis of the conjugate band (~52 kDa) indicated that the Cys388 site 
of coil 2 is near Lys171 in the lamin 300 fragment in the highest 
proportion among all modified lysine residues at each position (Figure. 
2.12b and Table 2.3). It is also possible that Lys180 and Lys181, which 
are close to the Lys171 site, are involved in this eA22 interaction if the 
length of cross-linker and surface geometry of the coiled-coil is 
considered. These results indicated that the entire coil 2 dimers make an 
extensive anti-parallel interaction with each other (Figure. 2.12c). This 
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interaction was referred as an eA22 (extensive anti-parallel binding 
between coil 2s) interaction in this study and is distinguished from the 
‘A22 interaction’ of vimentin, where only the C-terminal half parts of 
coil 2 (called coil 2b) are involved (Hess et al., 2004). Additionally, the 
~30 kDa conjugate band was revealed to be the coil 2 fragment dimer. 
Since the eA22 interaction was enhanced by the A11 interaction, 
the eA22 interaction should be considered in terms of the tetramer made 
by the A11 interaction. The possible overlapping region was structurally 
evaluated for the coil 2 region in the presence of the A11 and eA22 
interactions. In the tetrameric arrangement by the A11 interaction, I 
noted ~6-nm-long spaces between the bifurcated coil 1a and coil 2 on 
both sides (Figure. 2.13). The bifurcated coils appear to hold a long α-
helix or coiled-coil dimer like a crocodile clip if they are stretched from 
the core anti-parallel contact part (Figure. 2.13b), which would be 
allowed by the conformational flexibility at the linker segments (L1 and 
L12; Figures. 2.4 and 2.5). Next, ~4-nm-long grooves was noted in the 
tetrameric arrangement at each side compartment in the anti-parallel 
contact part (Figure. 2.13a). The grooves would accommodate a longer 
structural motif together with the bifurcated coils, since they are 
continuous to the space between the bifurcated coil 1a and coil 2, making 
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a 10-nm-long binding motif (Figure. 2.13b). The groove and space would 







Figure 2.12. The eA22 interaction mapping by MS/MS analysis with cross-linked proteins  
(a) The chemical cross-linking assay with the lamin 300 fragment and lamin 286-400 R388C mutant in SDS-PAGE. 
Protein bands of the lamin 300 fragment and the cross-linked sample are labeled. To block the unreacted chemical 
cross-linker, excess cysteine was added. The major bands of ‘cross-linked’ (52 kDa), lamin 300 (38 kDa), dimerized 
lamin 286-400 R388C [(lamin 286-400)2; 30 kDa], and lamin 286-400 R388C (14 kDa) were excised and subjected 
to the subsequent MS/MS analysis. 
(b) Proportion (p̂) of the Cys388-bound lysine residues at each position was determined by dividing the number of 
Cys388-bound lysine residues by the total number of observed lysine residues in the pooled data of cross-linked bands. 
Position of the most probable Lys171 to be cross-linked to Cys388 is shown in a red box in the plot. The error bars 
indicate each standard error of a proportion, which was calculated by√
p̂∗(1−p̂)
number of observed peptides
. See also Table 2.3. 




(c) Schematic representation of the central rod domains of two coiled-coil dimers in the colour code of Figure. 2.3a, 
displaying the eA22 interaction based on the results of the MS/MS analysis. Triangles indicate that Arg388 (or Cys388) 
of coil 2 is around Lys171 (or its neighboring Lys180 or Lys181) of coil 1b in lamin 300 fragment.
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error of p 
K32 38 0 0 0 
K78 ND ND ND ND 
K90 69 4 0.06 0.028 
K97 73 0 0 0 
K108 136 14 0.11 0.026 
K114 49 0 0 0 
K117 61 0 0 0 
K122 61 0 0 0 
K123 61 0 0 0 
K135 26 0 0 0 
K144 29 5 0.17 0.070 
K155 29 2 0.07 0.047 
K171 25 8 0.32 0.093 
K180 75 9 0.12 0.037 
K181 76 9 0.12 0.037 
K201 12 0 0 0 
K208 28 3 0.11 0.058 
K218 8 0 0 0 
K233 79 7 0.09 0.032 
K260 81 2 0.02 0.017 
K261 81 11 0.14 0.038 
K265 207 19 0.09 0.020 
K270 38 5 0.13 0.055 
* ND = not detected 
** standard error of p =  √
p̂∗(1−p̂)
number of observed peptides
 






Figure 2.13. The grooves and the space in the lamin A11 tetramer  
(a) The lamin tetramer is shown in the surface representation (grey), and 
the anti-parallel contact region is marked. Two ~4-nm-long grooves are 
in brown and enlarged in the top panel. The cross-sections, marked with 
Roman numerals, are shown in the bottom panel. 
(b) The bent model of the full-length rod domain reflecting the crystal 
structure of the lamin A11 tetramer is shown in the left panel and the 
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straightened model is shown in the right panel. The sub-domains are 
coloured differently as shown in Figure. 2.3a. The ~4 nm grooves and 
~6-nm-long spaces are in brown and light grey, respectively. Detailed 




2.3.6. Proposed lamin assembly model at the molecular level 
To build the assembly model of the lamin filament, it was started from a 
54 nm-long coiled-coil dimer model of the central rod domain by 
combining this structure with fragmented structures (Krimm et al., 2002; 
Nicolet et al., 2010; Strelkov et al., 2004) (Figure. 2.14a). The missing 
parts (residues 283-385) were presumed by the typical coiled-coil 
structure with a rise per residue of 1.5 Å . The A11 interactions were 
applied between coiled-coil dimers, leading to the formation of a 72-nm 
long tetramer with 19-nm-long overhangs of coil 2 on both sides (Figure 
2.15a). Sequentially or simultaneously, coil 2 of the coiled-coil dimer 
was inserted to the tetramer by the eA22 interaction with ~14 nm-long 
overlapping, including a 10-nm-long binding motif. This assembly 
resulted in ~40 nm-long intervals between the C-terminal ends of two 
coiled-coil dimers in the same direction (Figures. 2.14b and 2.15b). Due 
to the two-fold symmetry in the four lamin subunits, an interval 
averaging ~20-nm is generated between the Ig-like domains attached to 
coil 2 (Figure. 2.14c). I believe that the A11 and eA22 interactions would 
occur simultaneously and synergistically for the further extensions of the 
lamin filament (Figures. 2.14b and c). This assembly model is well 
matched to the previous cryo-ET structure representing the native state, 
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including the features of different cross-section shapes and the interval 






Figure 2.14. Proposed assembly mechanism of lamin by the A11 and 
eA22 interactions  
(a) Coiled-coil dimer model of full-length lamin based on the lamin 300 
fragment structure. The C-terminal region of coil 2 (residues 313-386; 
PDB code: 1X8Y (Strelkov et al., 2004)) and the Ig-like domain 
(residues 428-549; PDB code: 1IVT (Krimm et al., 2002)) of human 
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lamin A/C, were added to the structure described in this study. For the 
N-terminal region of coil 2, the corresponding vimentin fragment (PDB 
code 3TRT (Chernyatina and Strelkov, 2012); corresponding to residues 
241-310 in lamin A/C) was used. The missing part (residues 283-385) in 
the central rod domain was built with the typical coiled-coil structure 
with a rise per residue of 1.5 Å . The unstructured regions (N-terminal 
head, NLS, and C-terminal tail) are indicated by dotted lines. Schematic 
drawings of the dimer model of the 54-nm long full-length lamin A/C is 
in the box. 
(b) Two different tetrameric assemblies by the A11 or eA22 interactions. 
Each band in the same colour code as in Figure. 2.3a represents the 
coiled-coil dimer. Left, the A11 interaction-based tetrameric assembly. 
Right, the eA22 interaction-based tetrameric assembly. The nearby 
residues mapped by the disulfide or the chemical cross-linking assays are 
labelled.  
(c) The model of the mature lamin filament, formed by the successive 
and alternative A11 and eA22 interactions between the dimers. When a 
pair of Ig-like domains (violet square) are placed on both sides of the 
tetramers, the distance between the neighboring Ig-like domains is ~20 
nm. Schematic cross-sections (a, b, and c) of the lamin filament model 
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are shown in the bottom (circles represent the intersection of an α-helix, 
the binding motif is in brown). The cross-section a is equivalent to Figure. 







Figure 2.15. Construction of a full-length model for lamin A/C  
(a) Schematic drawing of the full-length tetramer model based on the 
tetramer structure of the lamin 300 fragment. Black boxes indicate the 
10-nm-long site in the anti-parallel contact region of the lamin tetramer. 
The lengths are indicated by double-headed arrows.  
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(b) The two interactions are combined in three coiled-coil dimers. The 
A11 interactions are indicated by blue lines and the eA22 interactions by 
the red lines (top). The combined interactions result in ~14-nm-long 
overlapping of three dimers consisting of 6 α-helices in the intersection, 
and a ~40-nm-long interval between the C-terminal ends of two coiled-
coil dimers in the same direction (bottom). The ~10-nm binding motif in 







2.3.7. Laminopathies correlated with A11 and eA22 interactions 
It is noted that many genetic mutations causing laminopathies were 
mapped on the interfaces of the A11 and eA22 interactions, suggesting 
their importance in the formation of a functional nucleus (Figure. 2.16). 
To gain insights into the laminopathies at the molecular level, two 
mutations Y45C and L59R were selected which are related to muscular 
dystrophy (Bonne et al., 2000; Scharner et al., 2011) and dilated 
cardiomyopathy (Dittmer and Misteli, 2011; McPherson et al., 2009; 
Nguyen et al., 2007) respectively. The binding affinity of the lamin 1- 
300 fragments to the C-terminal part of coil 2 was compared in low and 
high salt buffers containing 50 or 150 mM NaCl (Figure. 2.11c), where 
the eA22 interaction was strengthened in the low salt buffer more than 
that in a high-salt buffer (Figure. 2.11c). The Y45C mutation in the lamin 
300 fragment abolished binding to the C-terminal part of coil 2 (Figures. 
2.16b and 2.17). In contrast, it was observed that the L59R mutation 
increased the eA22 interaction in the high salt buffer (Figure. 2.17a right). 
Furthermore, isothermal titration calorimetry (ITC) results showed a 
~40-fold higher binding affinity of L59R mutation than the wild type 
against the C-terminal part of coil 2 in the phosphate-buffered saline, 
based on KD values (Figure. 2.18). Consistent results were obtained in 
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the nuclear shapes and the distribution of the lamin A/C when the mutant 
lamin genes were overexpressed in the cell lines (HT1080 and SHSY5Y). 
Lamin A-Y45C formed a blebbing in the nucleus, and they diffused to 
the cytosol when mechanical stress was applied to the nucleus by 
cleaving the chromosomal DNA with a nuclease (benzonase). When 
lamin A-L59R was overexpressed, stronger lamin aggregates were found 
at the peripheral region of the nuclear envelopes, probably by reinforced 
filament formation (Figures 2.17b, 2.19, and 2.20).  
To explain the opposite effects of the Y45C mutation for 
muscular dystrophy and the L59R mutation for dilated cardiomyopathy, 
the locations of the two residues were noted. Both Tyr45 and Leu59 
residues are in the d position in the heptad repeat (Figure. 2.4a). The 
crystal structure further revealed that Tyr45 makes an awkward 
interaction (with Ile46 at the e position) and Leu59 is ideally positioned 
in the coiled-coil (Figures. 2.17c and d). The Y45C mutation is likely to 
stabilize the coiled-coil interaction in coil 1a with the small and 
hydrophobic residue by relieving the awkward interaction. This appears 
to inhibit the interaction with the coil 2. However, the potential disulfide 
bond formation between the cysteine residues might not be important in 
the Y45C mutant (Figure 2.16b). In contrast, the L59R mutation would 
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destabilize the coiled-coil interaction through the non-homologous 
change, which would augment the interaction with the coil 2 region as 
shown in Figure. 2.17a. The reinforced filament formation would also 
deteriorate dynamic remodeling or correct mesh formation in cells for 
the robust nuclear envelope. Thus, these findings suggest that the 
stronger or weaker interactions may be responsible for pathological 
states since both cases could cause adverse effects in the formation of 








Figure 2.16. Association of the lamin assembly and laminopathies 
with preferential involvement of skeletal and cardiac muscle on the 
lamin rod domain 
(a) Mapping of mutations associated with skeletal and cardiac muscular 
related laminopathies on the lamin rod domain, based on the assembly 
model (Dittmer and Misteli, 2011; Szeverenyi et al., 2008). For detailed 
information, see the mutations in the red of Figure. 2.13 in reference 
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(Dittmer and Misteli, 2011). Black dots are in the 10-nm-long site, red 
dots are in the C-terminal coil 2, and grey dots are in the central part of 
the anti-parallel contact region.  
(b) In vitro binding assay using the wild type lamin 300 fragment or 
Y45C mutant protein-bound Ni-NTA resin. A lamin fragment (residues 
250-400) was incubated on resin pre-equilibrated with a high-salt buffer 
containing 20 mM Tris-HCl (pH 8.0) and 150 mM NaCl. The buffer did 
not contain reducing agents for non-reducing SDS-PAGE, while 2 mM 
TCEP was added to the buffer to break the disulfide bonds of the sample. 









Figure 2.17. The laminopathy-related mutations  
(a) Altered eA22 interaction by mutations Y45C or L59R, revealed by 
in vitro binding assay. Wild type, Y45C, or L59R mutant proteins of the 
His-tagged lamin 300 fragment were immobilized on Ni-NTA resin. 
Lamin 250-400 fragment were incubated on the empty (-) or His-lamin-
bound (+) Ni-NTA resins. The resins were pre-equilibrated and washed 
with the 20 mM Tris-HCl (pH 8.0) buffer containing 50 mM (left) or 150 




(b) Nuclear shapes and distribution of lamin A/C Y45C and L59R 
mutant proteins. Nuclear morphology was examined using fluorescence 
confocal microscopy after transfection of empty vector (EV), wild type, 
or Y45C or L59R mutant of lamin A/C (LA-WT, LA-Y45C, LA-L59R) 
into HT1080 cells with or without treatment of 2.5 U benzonase for 5 
min. For visualization of the nuclear membrane, cells were stained with 
lamin A/C (green), emerin (red) and DAPI for DNA (blue). See also 
Figures 2.19 and 2.20. * The immunofluorescence assay was conducted 
by Bum-Jun Park’s lab. 
(c), (d) Structural environment around Tyr45 and Leu59. The orthogonal 
view of the coiled-coil structure around (c) Tyr45 and (d) Leu59 residues 
are represented. Each Tyr45 residue interacts with Ile46 residue in 
another protomer (double-headed arrows). Leu59 residues adopt ideal 
inter coiled-coil interaction. ‘a’, ‘d’, and ‘e’ positions of the residues in 





Figure 2.18. Isothermal titration calorimetry (ITC) analysis for the 
binding of lamin 300 fragments (WT; a and L59R; b) to the coil 2 
fragment (residues 250-400)  
The top panels represent the raw data plots as a series of peaks 
corresponding to the heat change (μcal/s) resulting from titration of 
lamin 300 fragment (20 μM; 370 μL) with 19 injections of the coil 2 
fragment (160 μM; 2 μL per one injection). The bottom panels show the 








Figure 2.19. Immunofluorescence assay for visualization of nuclear 
shapes and distribution of the Y45C and L59R mutants of lamin A/C 
Nuclear morphology was examined using fluorescence confocal 
microscopy after transfection of wild type or the Y45C or L59R mutant 
form of lamin A/C into HT1080 cells with or without benzonase. Cells 
were transfected with the indicated vectors for 24 h and treated 2.5 U/ml 
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benzonase for 5 min during permeabilization with 0.1% (v/v) Triton X-
100. For visualization of the nuclear membrane, cells were stained with 
lamin A/C (green), emerin (red) and DAPI for DNA (blue). Scale bar: 






Figure 2.20. Nuclear shape and distribution of lamin A/C in the 
human neuroblastoma cell line (SHSY5Y) transfected with Y45C or 
L59R mutant lamin A/C 
Nuclear morphology was examined using fluorescence confocal 
microscopy after the transfection of wild type or the Y45C or L59R 
mutant form of lamin A/C into SHSY5Y cells. For visualization of the 
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nuclear membrane, the cells were stained with lamin A/C (green), emerin 
(red) and DAPI for DNA (blue). Scale bar: 10 μm. * The 





There are many different models for lamin and vimentin, some of which 
are based on the EM images of refolded proteins or their paracrystalline 
forms at a low resolution (Aziz et al., 2012; Ben-Harush et al., 2009; 
Chernyatina and Strelkov, 2012; Dhe-Paganon et al., 2002; Dittmer and 
Misteli, 2011). However, to understand the physiological structure of IF 
proteins, I now need to focus on the structures representing the native 
state and high-resolution structures. In this study, I determined the crystal 
structure of a fragment of lamin containing all the linker segments, 
directly displaying the A11 interaction between two coiled-coil dimers. 
This structure was long enough to extend and to connect the previous 
lamin structures determined by Strelkov and colleagues (Aziz et al., 2012; 
Kapinos et al., 2011; Strelkov et al., 2004), visualizing most structural 
features of the full-length lamin. A cross-linking study with MS/MS 
analysis further discovered an interaction, called an eA22 interaction, 
which acts presumably synergistically with the A11 interaction. By 
combining the two interactions, a complete assembly model was built at 
a molecular level, which agrees well with the in situ cryo-ET structure 
representing the native lamin filament recently provided by Turgay el al 
(Turgay et al., 2017).  
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Typical IF proteins, such as vimentin, form thicker filament 
structures than lamins (Henderson et al., 2012; Schietke et al., 2006). The 
α-helical rod domain of vimentin has a 42 residue-long gap sequence 
corresponding to the central compartment of coil 1b of lamin, with 
substantial length differences in the N- and C- terminal unstructured 
regions (Figures. 2.7a, 2.8, and 2.9). The central rod domain of vimentin 
is shorter by ~6-nm than that of lamin due to the gap 42 residues. 
However, the gap 42 residues seemed not to affect the A11 and eA22 
interactions because the central compartment of coil 1b was not directly 
involved in the filament formation of lamin. Thus, it is likely that the 
overall structures of the α-helical rod domain of typical IF proteins would 
be shared with those of lamins (Wallace et al., 1998). Additional 
interactions, which are present only in typical IF proteins, but not in 
lamin, would be required to form the final 10-nm thick filament, which 
consists of four to six lamin-like filaments with a shortened interval.  
 In conclusion, two essential interactions were discovered for 
lamin assembly by the crystal structures and biochemical studies. These 
interactions could provide a key to understanding the nuclear function 











The separation of lamin coil 1a for the eA22 







Intermediate filament (IFs) proteins provide vital mechanical support in 
cells of higher eukaryotes. All IF proteins share the tripartite structural 
organization: a central rod domain is flanked by non-α helical N-terminal 
(head) and C-terminal (tail) domains, despite the difference of their 
biochemical properties (Gu et al., 2004; Herrmann et al., 2007; 
Herrmann et al., 1999; Parry and Steinert, 1999). The sequence-based 
prediction suggested that central rod domain consists of three a-helical 
coiled-coils (coil 1a, coil 1b, and coil 2), which interrupted by flexible 
linkers (L1 and L12) (Parry and Steinert, 1999; Parry et al., 2007; Smith 
et al., 2002). Since the central rod domains have a high propensity to 
form coiled-coil dimer followed heptad repeat pattern, a dimer of the IF 
proteins has been considered as the minimal oligomeric form (Heitlinger 
et al., 1991; Hess et al., 2002; Koster et al., 2015; Parry et al., 1985). 
Interestingly, the consensus motifs which have the highly conserved 
sequences of the various IF proteins were observed in the N-terminal of 
coil 1a and C-terminal of coil 2 (Burkhard et al., 2001; Herrmann and 
Strelkov, 2011; Herrmann et al., 2000; Kouklis et al., 1992; Schaffeld et 
al., 2001). It has been suggested that coil 1a of vimentin regulates the 
filament elongation as a molecular switch (Chernyatina et al., 2015; 
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Meier et al., 2009; Premchandar et al., 2016). The separation of coil 1a, 
divided into two α-helices, was considered a prerequisite for longitudinal 
elongation to form the filaments.  
 Recently, two major interactions, A11 and eA22 interactions, 
were presented concerning for the lamin assembly (Ahn et al., 2019). 
A11 interaction represents the coiled-coil dimers arranged in an anti-
parallel manner centered on residues 146. It was supposed that coil 2 of 
the coiled-coil dimer was inserted to the tetramer by the eA22 interaction 
with ~14 nm-long overlapping during the lamin assembly process. 
However, the role of the coil 1a on the eA22 interaction is still lack 
understood at the molecular level. Interestingly, many genetic mutations 
causing laminopathies were mapped on the interfaces of the eA22 
interaction. It allowed me to hypothesize that coil 1a plays as a molecular 
switch in regulating the eA22 interaction and the malfunction of a 
molecular switch might suppress the normal function of nuclear lamin.  
 Here, it was observed that the altered binding strength of eA22 
interaction introducing mutations to residues at a, d position in the coil 
1a. By using isothermal titration calorimetry, the altered binding strength 
of eA22 interaction was quantitatively estimated. When the lamin 
mutants were overexpressed in the cell lines, an abnormal nuclear shapes 
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and the distribution of the lamin A/C were observed. This study provides 
insight to understand the role of coil 1a as a molecular switch in the eA22 
interaction, which contributes to the molecular basis for the development 




3.2. Materials and Methods 
3.2.1. Plasmid construction 
To overexpress the human lamin 300 and C-terminal coil 2 fragments, 
the genes encoding each proteins were amplified DNA fragments coding 
for residues 1-300 (wild-type, L35V, Y45C, L59R, and I63S mutants) 
and 250-400 of lamin A/C were inserted into the pProEx-HTa vector 
(Thermo Fisher Scientific, MA, USA). The resulting plasmids encode 
the hexahistidine tag and the tobacco etch virus (TEV) protease cleavage 
site at the N-terminus of the lamin proteins. The plasmids encoding the 
lamin proteins were transformed into the E. coli BL21 (DE3) strain. For 
immunofluorescence staining, amplified DNA fragments encoding wild 
type and the L35V and I63S mutants of full-length lamin A/C were 





3.2.2. Purification of the recombinant proteins 
The transformed cells were cultured in 3 L of Terrific Broth medium 
containing 100 μg/ml ampicillin and 34 μg/ml chloramphenicol at 37°C 
until an OD600 of 1.0 was measured, and then the expression of proteins 
was induced using 0.1 mM IPTG at 30°C for 6 hours. After the cell 
harvest by centrifugation, cells were resuspended in lysis buffer 
containing 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 2 mM 2-
mercaptoethanol. The cells were disrupted by using a continuous-type 
French press (Constant Systems Limited, United Kingdom) at 23 kpsi 
pressure. After centrifugation at 19,000 g for 30 min at 4°C, the cell 
debris was removed. The supernatant was loaded onto a Cobalt-talon 
affinity agarose resin (GE Healthcare). The target protein was eluted 
with lysis buffer supplemented with 250 mM imidazole and 0.5 mM 
EDTA. Lamin 250-400 protein was treated with TEV protease to cleave 
the hexahistidine tag. Then the target proteins were loaded onto a HiTrap 
Q column (GE Healthcare, USA). A linear gradient of increasing NaCl 
concentration was applied to the HiTrap Q column. The fractions 
containing the protein were pooled, applied onto a size-exclusion 
chromatography column (HiLoad 26/600 Superdex 200 pg, GE 
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Healthcare) pre-equilibrated with lysis buffer. The purified protein was 
concentrated and stored at -80°C until used for biochemical assays. 
 
3.2.3. Pull-down assays  
A pull-down assay was conducted by using His-tagged lamin 300 
proteins immobilized on the Ni-NTA resin as bait. His-tag cleaved lamin 
250-400 proteins as prey were incubated on the His-lamin immobilized 
resin pre-equilibrated in a 20 mM Tris-HCl (pH 8.0) buffer containing 
150 mM NaCl (or 50 mM NaCl) at room temperature for 30 min. After 
washing with the lysis buffer supplemented with 20 mM imidazole, the 
resin and elute were analysed using SDS-PAGE.  
 
3.2.4. Isothermal Titration Calorimetry  
Isothermal titration calorimetry (ITC) experiments were carried out 
using an Auto-iTC200 Microcalorimeter (GE healthcare) at Korea Basic 
Science Institute (Ochang, Korea). His-tagged wild type, L35V, Y45C, 
L59R or I63S mutants of lamin 300 fragment (25 μM; 0.7 mg/ml) were 
prepared in the sample cell (370 μL) and TEV cleaved 250-400 fragment 
(180 μM; 3 mg/ml) was loaded into the injectable syringe. All samples 
were dialyzed with PBS for overnight. Titration measurements of 19 
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injections (2 μL) with 150 sec spacing were performed at 25°C while the 
syringe was stirred at 750 rpm. The data were analyzed using the 
MicroCal OriginTM software. 
 
3.2.5. Immunofluorescence staining 
A human fibrosarcoma cell line (HT1080) and human neuroblastoma 
cell line (SH-SY-5Y) obtained from ATCC were maintained in liquid 
medium (DMEM) containing 10% (v/v) FBS, 1% (v/v) antibiotics at 
37°C. HT1080 or SH-SY-5Y cells were seeded on a cover glass and 
transfected with the plasmid coding wild type, Y45C or L59R mutant of 
full-length lamin A/C using jetPEI (Polyplus Transfection). After fixing 
with 1% (w/v) paraformaldehyde (PFA) for 1 h at 4°C, cells were 
permeabilized with 0.1% (v/v) Triton X-100 including 2.5 U/ml 
benzonase (Calbiochem; 71206-3) or mock for 5 min and incubated with 
a blocking buffer containing PBS and anti-human antibodies (1:400) for 
1 h. After washing with PBS twice, the cells were incubated with anti-
lamin A/C (sc-376248; Santa Cruz Biotechnology) and anti-emerin (sc-
15378; Santa Cruz Biotechnology) primary antibodies (1:200) in the 
blocking buffer overnight, followed by secondary antibodies (anti-
mouse Ab-FITC and anti-rabbit Ab-rhodamine; 1:400) in the blocking 
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buffer for 7 h and mounted. The nucleus was stained with DAPI. The 






3.3.1. The highly conserved sequence of coil 1a  
The α-helical rod domain followed the heptad repeats at conserved 
lengths except for lamin which contains additional 42 amino acids on the 
coil 1b (Figure. 3.1). The linkers L1 and L12 cause a phase shift in heptad 
periodicity between coils by one amino acid in lamins and two amino 
acids in vimentin. The highly conserved sequences was identified in the 
N-terminal of coil 1a and C-terminal of coil 2 based on the sequence 
alignment of human lamin A/C with putative IF proteins (vimentin, 
keratin 5, and keratin 14) (Figure. 3.1). It has been experimentally 
verified that the mutations in these motifs disturb the filament formation 
in keratins and vimentins (Hatzfeld and Weber, 1991; Hesse et al., 2007; 
Schietke et al., 2006).  
Since the properties of coiled-coils are conserved in all IF 
proteins, the coiled-coil regions of IF proteins might be share a common 
important role to form filament structure. In the human vimentin, coil 1a 
suggested as an ‘oligomeric switch’ to regulate the elongation for the 
filament formation (Meier et al., 2009). The unwinding of vimentin coil 
1a might be turning on the switch of the longitudinal elongation referred 
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to eA22 interaction in lamin. However, the detailed understanding of the 






Figure 3.1. The sequence alignment of IF rod domain in the IF proteins  
Multiple sequence alignment of lamin (human LaminA; P02545.1) and putative IF proteins (human Vimentin; 
NP_003371.2, human Keratin 5; P13647.3, and human Keratin 14; P02533.4). The sequence periodicity in the heptad 
(brown) or hendecad (pink) repeat, which was previously predicted (Chernyatina et al., 2015; Parry, 2006), is 
displayed above sequences. The yellow boxes indicated the highly conserved residues (consensus motif). The 
hydrophobic residues (a, d, and h) are highlighted in red for heptad or purple for hendecad repeats. An α-helix which 
does not follow the heptad nor the hendecad rules shown in ‘α’.  
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3.3.2. The two possible conformational changes of coil 1a 
Interestingly, previous data have shown the significant bending in the L1 
region between coil 1a and coil 1b in the lamin 300 crystal structure (Ahn 
et al., 2019). In the coil 1a and N-terminal of coil 1b, the residues in a 
and d positions of heptad repeat were involved in an inter-helical 
hydrophobic interaction stabilizing the coiled-coil dimers as shown in 
the lamin 300 crystal structure (Figure. 3.2; left). Due to the kinks, the 
L1 region showed a short α-helical segment without an inter-helical 
hydrophobic interaction. The bending region of L1 would be 
straightened, when the coiled-coil dimers are joined by eA22 interaction. 
Simultaneously, the bending strain would be mounted on the L1 as it is 
straightened maintaining the coiled-coil dimer of coil 1a.  
Two separated α-helices of coil 1a in a straightened conformation 
were observed in the crystal structure of short fragments in human 
vimentin (Figure. 3.2; right). The residues at a and d position of coil 1b 
are involved in the formation of a stable coiled-coil dimer, while those 
of coil 1a exposed to the other side despite their sequence predicted to 
follow heptad repeat pattern (Figure. 3.1). The exposed hydrophobic 
patches of coil 1a might be interpreted as a result of relieving the bending 
strain generated when the bending is straightened.  
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These observations indicate that the dissociation and association 
of the α-helices might be reversible or dynamic depending on the 
oligomerization states, which might be important in the assembly of the 
IF proteins. To gain more insight into the dynamic conformational 
changes of coil 1a at the molecular level, four mutations (L35V, Y45C, 
L59R and I63S) at a or d positions of coil 1a were selected which are 
related to muscular dystrophy (Figure. 3.2; left, coloured in red)(Dittmer 
and Misteli, 2011; Kang et al., 2018; Maraldi et al., 2005; Muchir et al., 







Figure 3.2. Two different conformations of coil 1a in the crystal structure of lamin and vimentin 
Structural comparison of the N-terminal region of rod domain between lamin (PDB code: 6JLB, (Ahn et a
l., 2019), residues 1-300) and vimentin (PDB code: 3S4R, (Chernyatina et al., 2012), residues 99-189). Th
e inter-helical hydrophobic residues were shown in the stick representations and coloured in yellow. The r
esidues positioned in a and d of heptad repeat without forming coiled-coil dimer were coloured in magent
a. Coil 1a regions are enlarged in the bottom panel (left for lamin and right for vimentin). The selected 




3.3.3. The role of hydrophobic residues of coil 1a on the eA22 
interaction  
Introducing the L35V, Y45C, L59R, and I63S mutants into the lamin 300 
fragment, the pull-down assay was performed to evaluate the altered 
binding affinity between the lamin 1-300 fragments to the C-terminal 
part of coil 2 (residues 250-400). It was compared that the binding 
affinity of the lamin 1- 300 fragments to the C-terminal part of coil 2 in 
a low-salt buffer containing 50 mM NaCl (Figure. 3.3; left), where the 
eA22 interaction was strengthened more than that in a high-salt buffer 
containing 150 mM NaCl (Figure. 3.3; right). In the L35V and Y45C 
mutation of lamin 300 fragment, it was observed that the binding strength 
of eA22 interaction was reduced in the low and high-salt buffer (Figure. 
3.3). In contrast, it was observed that the L59R and I63S mutations of 
lamin 300 fragment increased the eA22 interaction more than wild type 
in both buffer conditions (Figure. 3.3). 
 Furthermore, the quantitative binding affinity between the 
lamin 300 fragments and the C-terminal part of coil 2 was calculated by 
using isothermal titration calorimetry (ITC). The previous data have 
shown a ~50-fold higher binding affinity of L59R mutation than the wild 
type against the C-terminal part of coil 2 in the phosphate-buffered saline, 
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based on KD values (Figure. 2.18, represented in chapter 2). The binding 
affinity of Y45C mutant was measured to be reduced up to ~5-fold 
compared to the wild type (Figure. 3.4c). I63S mutant showed a slight 
increase while L35V mutant showed a slight decrease in binding affinity 
of them compared to wild-type (Figures. 3.4b and d). The results 
indicated that L35V or Y45C variants of lamin 300 fragment attenuates 
the eA22 interaction, simultaneously it is reinforced by introducing of 






Figure 3.3. The laminopathy-related mutations correlate with the eA22 interaction 
Altered eA22 interaction by mutations L35V, Y45C, L59R, and I63S revealed by in vitro binding assay. Wild type 
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and L35V, Y45C, L59R, and I63S mutant proteins of the His-tagged lamin 300 fragments were immobilized on Ni-
NTA resin. Lamin 250-400 fragments were incubated on the empty (-) or His-lamin-bound (+) Ni-NTA resins. The 
resins were pre-equilibrated and washed with the 20 mM Tris-HCl (pH 8.0) buffer containing 50 mM (left) or 150 
mM NaCl (right). After washing, the bound proteins were analysed using SDS-PAGE. Molecular weights (kDa) of 




Figure 3.4. The quantitative analysis for the binding of lamin 300 
fragments (WT; a, L35V; b, Y45C; c, and I63S; d) to the coil 2 
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fragment (residues 250-400) by Isothermal titration calorimetry 
(ITC) 
The top panels represent the raw data plots as a series of peaks 
corresponding to the heat change (μcal/s) resulting from titration of 
lamin 300 fragment (20 μM; 370 μL) with 19 injections of the coil 2 
fragment (160 μM; 2 μL per one injection). The bottom panels show the 




3.3.4. Structure and biochemical analysis of the role of coil 1a on 
eA22 interaction  
To explain the opposite effects of mutations to eA22 interaction, each 
mutant was superposed to coil 1a region in the lamin structure (Figure. 
3.5). The distance between coiled-coils might be close by introducing 
L35V mutation since the valine contains a smaller side chain compared 
to the Leucine residue (Figure. 3.5a right). Y45C mutation rapidly forms 
a disulfide bond, which confirmed in the previous data and induces more 
stable coiled-coil dimers in coil 1a (Figure. 3.5b). Although L35V is 
assumed to be involved a slight change, L35V and Y45C might 
contribute to forming stable coiled-coil dimers. Conversely, mutations 
of L59R and I63S are likely to weaken the stability of coiled-coil due to 
the loss of their hydrophobicity. In particular, L59R has a high 
propensity to collide with R60 residues located in the same direction 
(Figure. 3.5c). These variations would destabilize the coiled-coil 








Figure 3.5. Modeling structure of L35V, L45C, L59R, and I63S mutant  
The coiled-coil dimers (pink and yellow) around (a) L35V, (b) Y45C, and (c) L59R and I63S were presented as a 
ribbon diagram. The residues in a or d position of heptad repeat are shown as stick. The substituted residues (L35V, 






3.3.5. The correlation between laminopathies and eA22 interaction  
Consistent results were obtained in the nuclear shapes and the 
distribution of the lamin A/C when the mutant lamin genes were 
overexpressed in the cell lines (HEK293). Lamin A-L35V and Y45C 
showed a lower level of lamin in the nucleus, and they diffused to the 
cytosol forming localized aggregations. When lamin A-L59R and I63S 
were overexpressed, stronger lamin aggregates were found at the 
peripheral region of the nuclear envelopes, probably by reinforced 
filament formation (Figure. 3.6).  
Thus, these findings suggest that stronger or weaker interactions 
may be responsible for pathological states since both cases could cause 
adverse effects in the formation of robust nuclear structures. The 
malfunctions of coil 1a would deteriorate dynamic remodeling or correct 
mesh formation in cells for the robust nuclear envelope. These results 
imply that the dynamic conformational changes of coil 1a are necessary 






Figure 3.6. The nuclear shapes and distribution of the mutants 
(L35V, Y45C, L59R, and I63S) of lamin A/C, visualized by 
immunofluorescence assay 
Nuclear morphology was examined using fluorescence confocal 
microscopy after the transfection of wild type or the Y45C or L59R 
mutant form of lamin A/C into HEK293 cells. For visualization of the 
nuclear membrane, cells were stained with lamin A/C (green), emerin 
(red) and DAPI for DNA (blue). Merge indicates merged images of 
lamin A/C, emerin and DNA. * The immunofluorescence assay was 







In this study, two possible conformations of coil 1a were observed in the 
crystal structure of human lamin and vimentin (Ahn et al., 2019; 
Chernyatina et al., 2012). To verify that the dissociation of coil 1a is 
essential for the elongation of the filament, pull-down assay was 
conducted to compare the altered binding affinity of the eA22 interaction 
by introducing four mutations to the lamin 300 fragments associated with 
the laminopathies. As a result, the eA22 interaction was weakened in the 
mutations which induce more stable coiled-coil dimers in coil 1a. In 
contrast, the mutations that cause instability of coiled-coil dimers due to 
the loss of hydrophobic properties of them enhanced the eA22 interaction 
more than the wild type.  
Without the switch mode of coil 1a to control the filament 
elongation, the IF filaments might be extended endlessly. In fact, a cryo-
electron tomography (cryo-ET) study revealed that the elongations and 
crossovers are properly regulated resulting in the rigid three-dimensional 
mesh of lamins by 3.5-nm-thick filaments (Turgay et al., 2017). These 
results suggested that the two possible conformations of coil 1a observed 
in the crystal structures reflected the actual motion of coil 1a in the cell.  
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When the coil 1a is separated for elongation, the exposed 
hydrophobic patches could be associated with another coil 2 regardless 
of the type of IF proteins since all IF proteins share the same pattern of 
heptad repeat. However, it is known that the filament formation of the IF 
proteins is only generated for protein-specific except for keratin proteins 
(Jacob et al., 2018). It could be explained if the length of the linkers 
determined the degree of the bending angle or the rotation of separated 
a-helices. The exposed position of the hydrophobic patches would be 
different depending on the IF proteins containing the different lengths of 
linkers.  
In addition, it is well known that the polar residues of coil 1a and 
coil 2 in the consensus region involved in the eA22 interaction for 
filament elongation (Herrmann and Aebi, 2004; Herrmann et al., 2000; 
Kapinos et al., 2010; Kouklis et al., 1992). After mapping the genetic 
mutations containing many polar residues in the coil 1a, the mutations 
were positioned along with an α-helix forming stripe shape. These 
observations indicate that the stripe-shaped region concentrated on 
genetic mutations in the coil 1a participates in the combination of coil 2 
for the filament elongation. It also gives an insight that some of the 
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laminopathies might be caused by the prevention of normal control of 
coil 1a in the process of forming filaments. 
Although more biochemical and genetic studies are required to 
demonstrate the mechanisms of the switch-mode of coil 1a for elongation, 
this study provides a detailed molecular view of the structure of nuclear 
lamins and IF proteins in higher eukaryotes. The proposed mechanism 
will improve the understanding of the various biological processes and 











The flavonoid morin alleviates nuclear 
deformation of the aged cells by interrupting the 






Nuclear lamin proteins play an essential role in maintaining the structural 
integrity of the nuclear envelopes. Many mutations at lamin genes are 
related to human genetic disorders (Burke and Stewart, 2002b).  
Hutchinson-Gilford progeria syndrome (HGPS) is a rare autosomal 
dominant genetic disease that has a mutation at an intron of the LMNA 
gene encoding lamin A and C (lamin A/C) (Gordon et al., 2014). The 
mutation results in atypical splicing of mRNA expressing a shorter lamin 
A (called progerin) whose the C-terminal 50 amino acids are truncated. 
Progerin interferes the normal lamin A/C and finally results in the 
nuclear deformation, such as nuclear membrane blebs and reduction of 
nucleoplasmic lamin A. Since the atypical splicing of LMNA gene and 
the nuclear deformation are also detected in normal aged cells, studies of 
HGPS is important in understanding the normal physiological aging 
process.  
A recent study revealed that the truncated C-terminal region of 
progerin makes an aberrant interaction with the Ig-like domain-
containing region of the normal lamin A/C, leading to the nuclear 
deformation (Lee et al., 2016). A synthetic compound JH4 as an inhibitor 
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of the aberrant interaction was screened based on ELISA. JH4 
ameliorated the diverse aging phenotypes in the HGPS cells and the 
normal aged cells and it expanded the lifespan of a mouse model of 
HGPS. 
The human aging process can be explained by multiple factors. 
The ROS stress hypothesis proposed that the structural damage by ROS 
stress is the primary cause of the aging-associated functional losses 
(Sohal and Orr, 2012). Thus many antioxidants have been noted as anti-
aging substances to reduce the level of ROS stress. In parallel, blocking 
the progerin-mediated interaction would also contribute to attenuate the 
aging-associated functional loss in the normal aged persons as well as 
HGPS patients. In this study, a natural compound was found that can be 
used as an anti-aging functional food ingredient to act as both antioxidant 




4.2. Materials and Methods 
4.2.1. Plasmids construction and purification 
For the investigation of protein-protein interactions, recombinant 
proteins were generated. Recombinant lamin A middle region (residues 
301-564) was used in a previous study (Lee et al., 2016). GST-fused 
recombinant progerin C-terminal region (566-606 and 657-664 in the 
lamin A numbering; GST-progerin) were produced by PCR cloning 100 
aa upstream of the termination codon through PCR. Newly designed 
plasmid encoding human lamin A 406-553 with the hexahistidine tag 
was transformed into the E.coil BL21 (DE3) strain.  
 
4.2.2. Purification of the recombinant proteins 
The transformed cells were cultured in 2 L of Terrific Broth medium 
containing 100 μg/ml ampicillin and 34 μg/ml chloramphenicol at 37°C 
until an OD600 of 1.0 was measured, and then the expression of proteins 
was induced using 0.1 mM IPTG at 30°C for 6 hours. After the cell 
harvest by centrifugation, cells were resuspended in lysis buffer 
containing 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 2 mM 2-
mercaptoethanol. The cells were disrupted by using a continuous-type 
French press (Constant Systems Limited, United Kingdom) at 23 kpsi 
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pressure. After centrifugation at 19,000 g for 30 min at 4°C, the cell 
debris was removed. The supernatant was loaded onto a Cobalt-talon 
affinity agarose resin (GE Healthcare). The target proteins tagging with 
hexahistidine were eluted with lysis buffer supplemented with 250 mM 
imidazole and 0.5 mM EDTA. GST-fused recombinant progerin was 
purified by using GSH-agarose resin. Then the target proteins were 
loaded onto a HiTrap Q column (GE Healthcare, USA). A linear gradient 
of increasing NaCl concentration was applied to the HiTrap Q column. 
The purified protein was concentrated and stored at -80°C until used for 
biochemical assays. 
  
4.2.3. Modified ELISA assay 
To isolate progerin-lamin A binding inhibitors from the natural 
compounds library (L1400, lleckchem, Houston, TX, USA), an ELISA 
was established by modifying a previously described platform (Lee et al., 
2016). His-LMNA-M was fixed on a 96-well plate using 2 mM Tris 
(bipyridine) ruthenium (II) chloride with 10 mM Sodium persulfate. 
After blocking and washing, 500 μM of natural compounds were applied 
on the plates. 96-well plates were washed with TBST and incubated with 
progerin. Then the anti-Gst-Ab (1: 1000, 2 hours) and anti-mouse-IgG-
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HRP (1: 50000, 1 hour) were applied sequentially. After washing twice, 
plates were incubated with TMB solution (CL07; Calbiochem) and Stop 
solution (1N H2SO4) and the absorbance at 450 nm was determined.  
GST-progerin was fixed on a 96-well plate using 0.5% 
paraformaldehyde. After drying and washing, His-LMNA-M with 10 
μM of chemicals (final concentration) was incubated for 1 h. 96-well 
plates were washed with TBST and incubated with anti-His-Ab (1: 
10000, 45 min), and anti-mouse-IgG-HRP (1: 50000, 30 min).  
 
4.2.4. Isothermal Titration Calorimetry  
Isothermal titration calorimetry (ITC) experiments were carried out
using an Auto-iTC200 Microcalorimeter (GE healthcare) at the Ko
rea Basic Science Institute (Ochang, Korea). His-tagged Ig-like do
main (residues 406-553) was prepared in the sample cell (370 μL;
27 μM) and GST-fusion progerin (180 μL; 178 μM) was loaded i
nto the injectable syringe. For the binding affinity of Ig-like dom
ain with morin, 80 μM sample was prepared. The sample was di
alyzed with PBS for overnight. Titration measurements of 19 inje
ctions (2 μL) with 150-sec spacing were performed at 25°C while
 the syringe was stirred at 750 rpm. The data were analysed usin
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g theMicroCal OriginTM software. 
 
4.2.5. Immunoprecipitation and Western-blot analysis  
For the binding assay, the resins accommodating GST-progerin was 
incubated with lysate from HEK293 cells that had been transfected with 
GFP–lamin A for 2 hours at room temperature. After washing twice with 
PBS and once with RIPA buffer (50 mM Tris, 150 mM NaCl, 1% NP-
40, 0.5% deoxycholate, and 0.5% SDS), precipitated materials were 










4.3.1. Screening of inhibitors of progerin-lamin A binding in the 
natural compound library 
The synthetic compound JH4 was screened based on the ELISA with an 
immobilized lamin middle region fragment covering residues 301-565 
(LMNA-M) and the truncated C-terminal 50 amino acid residues 
(progerin, residues 566-606, 657-664 in the lamin A numbering) (Lee et 
al., 2016). In this study, a similar ELISA was performed from a natural 
compound library consisting of 143 substances at 500 µM concentration. 
To firmly immobilize the lamin protein to the polystyrene ELISA plate, 
the photo-catalytic cross-linking reaction was applied by using Tris 
(bipyridine) ruthenium (II) chloride which is rapidly converted into 
Ruthenium (VIII)-oxide through 450 nm visible light in the presence of 
sodium persulfate (Fancy et al., 2000) (Figure. 4.1a). The screening 
identified 3-indolebutyric acid, gossypol, fisetin, and morin compounds 
as candidate inhibitors (Figures. 4.1b and c). Among the potential 
inhibitors, the flavonoid morin was decided to further investigate the 




Figure 4.1. Screening of inhibitors of the progerin-lamin A interaction  
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(a) Experimental scheme for the screening of the natural compounds. The purified lamin A middle fragment (301-
565) was immobilized by photo-initiated protein cross-linking reaction using Tris (bipyridine) ruthenium(II) chloride 
on the polypropylene plate. Each natural compound was incubated at 0.5 mM in each well. GST-progerin C-terminal 
region (1 uM; residues 566-606 and 658-664) was added to the well. The binding of GST-progerin was detected using 
ELISA with anti-GST antibody.  
(b) Representative results of ELISA-based screening. The indicated bars were determined by the reaction without the 
natural compounds. The arrows indicate the hit compounds that inhibit the interaction of progerin and lamin A middle 
fragment (301-565).  





4.3.2. The morin inhibits the interaction between Ig-like domain of 
lamin A and progerin 
By ELISAs with immobilized LMNA-M and the GST-fused 
recombinant progerin, it was confirmed that morin inhibited the 
interaction of the two proteins as a dose-dependent manner (Figure. 4.3a). 
ITC assays were performed to estimate the quantitative binding affinity 
of LMNA-M with progerin or morin. Since the LMNA-M has separated 
into 3 specific fragments in the purification process, each band of them 
was analysed by protein N-terminal sequencing (Figure 4.2). It was 
identified that one of the separated short fragments is initiated with 
Ser406 residue. Considering the molecular weight of the fragment, lamin 
A 406-553 fragment was reconstructed and referred to Ig-like domain in 
this study. It was confirmed that Ig-like domain has a similar or higher 
specific affinity to progerin compared to LMNA-M fragment. The ITC 
results showed that the binding affinity between lamin A and morin is 
around 2-fold stronger than that of lamin A and progerin binding (Figure. 
4.3b). These results indicate that the progerin combines with the Ig-like 
domain of lamin A fragment, and the morin restrains the interaction by 





Figure 4.2. The minimum binding unit of lamin A to progerin  
The constructs of the lamin middle region (301-565) and newly designed fragment (406-553) were represented in 
schematic bars on the full-length lamin A. The samples from size-exclusion chromatography were loaded on the SDS-
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PAGE. The red box indicates the band applied for N-terminal sequencing corresponding to the 406-553 fragment. It 







Figure 4.3. Morin inhibits the interaction between lamin A and 
progerin by coupling with Ig-like domain 
(a) Dose-dependent relationship of the inhibition of the binding between 
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lamin A and progerin by morin. The concentration of morin was varied 
in the same ELISA.  
(b) Isothermal titration calorimetry (ITC) analysis for the binding of la
min A with progerin (left) or morin (right). The top panels represent th
e raw data plots as a series of peaks corresponding to the heat chan
ge (μcal/s) resulting from titration of lamin 406-553 (94 μM; 370 μ
L) with 19 injections of the coil 2 fragment (500 μM; 2 μL per one
 injection). The bottom panels show the integrated heat pulses in th





4.3.3. The flavonoid morin ameliorates the nuclear deformation of 
progerin-expressing cells  
To examine the effect of morin in preventing the nuclear deformation of 
the cells causing by the interactions of lamin A and progerin, it was 
compared that the nuclear shapes of HEK293 cells expressing the normal 
full-length lamin A with the full-length progerin gene after treatment of 
morin. In this experiment, lamin A or progerin constructs were used 
which expressing GFP fusion proteins to visualize the cell envelop 
shapes. Progerin-expressing cells exhibited severe nuclear deformation 
unlike the normal lamin A-expressing cells (Figure. 4.4a). Morin 
drastically reduced the nuclear deformation of the progerin-expressing 
cells at 20 µM and showed a moderate effect at 10 µM (Figure. 4.4a). 
However, any effects of morin were not found in the cell expressing 
lamin A (Figure. 4.4b).  
To confirm the inhibitory role of morin in the cell lysate, the GST-pull 
down assay was performed with the GST-fused progerin C-terminal 
region and the GFP-fused lamin A expressed in HEK293 cells. The cell 
lysate was incubated with the resin-bound to the GST-fused progerin in 
the absence or presence of morin. Morin reduced the binding between 
progerin and lamin A in a dose-dependent manner (Figure. 4.5). Since 
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normal aged cells express progerin albeit at a small amount (Jung et al., 
2013), these findings suggest that morin could alleviate the normal aging 





Figure 4.4. Effects of morin in HEK293 cells expressing progerin 
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HEK293 cells were transfected with GFP-fused progerin (A, full-length, 
PG) or GFP-fused lamin A (B, full-length, LA). The cell envelop was 
visualized by fluorescence from the GFP fusion proteins (green), and the 
chromosomes are stained by DAPI (blue). Morin was treated daily for 
three days at 0, 10, 20 µM. * The immunofluorescence assay was 







Figure 4.5. The effect of morin on the binding of lamin A and 
progerin  
GST pull-down assay to examine the binding of progerin C-terminal 
fragment and lamin A expressed in HEK293 cells. HEK293 cells were 
transfected with GFP-lamin A (full-length, LA) or the parent GFP vector 
(EV). The resulting HEK293 cell lysates were incubated with the resin 
accommodating GST-progerin (residues 566-606 and 657-664). The 
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precipitated resin and the supernatant were analysed by western blotting 
with anti-GFP antibodies. * The immunofluorescence assay was 




4.3.4. Morin ameliorates the nuclear deformation of HGPS cells 
Next, the effect of morin was examined on the nuclear deformation of 
the HGPS cells. The deformed nuclear envelopes of the HGPS cells were 
visualized by immunofluorescence with lamin A antibody (Figure 4.6). 
Treatment of 10 µM morin for 3 days to the HGPS cells reduced nuclear 
deformation by 50%. Furthermore, the numbers of the deformed nucleus 
were decreased to as low as 20% level by 20 µM morin treatment, which 
is similar to 5 µM treatment of the synthetic compound JH4 in control 
(Figure. 4.6a). The transcriptional level of lamin A or progerin was not 
affected despite the treatment of morin in the cells (Figure. 4.6b). These 
results suggest that morin is a promising candidate for the ingredients of 
the functional foods to alleviate the symptoms of HGPS.  
The nuclear deformation was observed in the normal aged cells 
since the progerin has been generated during the normal aging (Jung et 
al., 2013). The effect of morin was checked on cell proliferation since an 
important feature of senescence is an irreversible cell proliferation arrest. 
When 20 µM morin was applied to HGPS cells for 5 days, the nuclear 
deformation was ameliorated but significant differences were not 
detected in the H3K9me3, the senescence marker (Figure. 4.7a). A 
slightly increased expression of H3K9me3 was found in the HGPS cells 
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Figure 4.6. Effects of morin on the nuclear deformation in the HGPS cells  
(a) Fibroblast cells from HGPS patients were treated with morin (10, or 20 µM) or JH4 (5 µM). The lamin A/C was 
stained by immunofluorescence with anti-lamin A antibody (green). The chromosomes were stained by DAPI (blue). 
The percent of cells with deformed nuclear morphology from the images indicated that morin ameliorated nuclear 
deformation of HGPS cells (bottom). 
(b) The transcript levels of lamin A or progerin of the morin-treated HGPS cells. After the cells were washed, total 
RNA was extracted, and RT-PCR was performed. * The immunofluorescence assay was conducted by Bum-Joon 
















Figure 4.7. Expression of H3K9Me3 treated with morin in the HGPS cells 
HGPS cells were incubated with morin for 5 (a) or 7 (b) days and stained with H3K4Mes3 Ab. After being fixed with 
100% MeOH, the cells were stained with lamin A/C Ab (red) and H3K9Me3 Ab (green). * The immunofluorescence 




In this study, morin was screened and investigated as a direct inhibitor 
of the progerin-mediated protein interaction. Morin directly inhibited the 
aberrant interaction of progerin and lamin A. Although morin required 4 
times higher concentration for preventing nuclear deformation of the 
HGPS cells than the synthetic compound JH4, morin has advantages as 
a daily food ingredient because of its potential low toxicity. Morin is 
known to have no toxicity in mice when used up to 100-1000 mM (Wu 
et al., 1994; Yugarani et al., 1992). Morin is 3, 5, 7, 2’, 4’-
pentahydroxylflavone, and is previously known to exhibit anti-oxidation 
activity that can protect cells against reactive oxygen species (ROS) 
damage. Morin is known to be produced by Mulberry figs, heartwood of 
old fustic (Chlorophora tinctoria), and many oriental medicinal herbs 
(Morris et al., 1951). Morin has diverse physiological effects, including 
anti-cancer effects (Chung et al., 2016; Zhang et al., 2018). Morin is also 
a direct inhibitor of GSK3beta, and thus morin attenuated Alzheimer’s 
disease in the mice model by blocking GSK3beta-induced tau 
phosphorylation in vitro and a mouse model (Gong et al., 2011).  
I believe that two important controllable factors to reduce the 
human aging rate. One factor is to reduce the cellular ROS level, and the 
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other factor is to reduce the aberrant function of progerin. Because morin 
is a strong antioxidant and an inhibitor of the progerin-mediated protein 
interaction, morin could show the beneficial effects in reducing the 
human aging rate in terms of both factors. Since morin also can alleviate 
Alzheimer’s disease by a different mechanism (Gong et al., 2011), morin 
is a promising candidate to control age and age-related disease although 
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중간 필라멘트(Intermediate Filament) 단백질은 고등진핵생물 세
포에 필수적이며, 외부에서 가해지는 힘에 대해 물리적인 지지
를 제공하는 유연한 섬유 구조를 형성한다. 핵의 구조와 기능
은 중간 필라멘트에 속하는 라민에 의해 조절된다. 따라서 핵
의 구조와 기능에 대해 이해하기 위해서는 라민의 조립 메커
니즘 규명이 필수적이다. 하지만 짧은 조각의 라민 구조만 규
명되어 왔으며, 전자현미경을 이용한 낮은 해상도를 가지는 구
조의 한계에 의해 라민의 조립 메커니즘에 대한 분자적 수준
의 이해가 부족한 상황이었다. 본 연구에서는 라민의 전체 길
이를 보여줄 만큼 긴 결정 구조를 3.2 Å 해상도로 규명하였다. 
결정 구조에서는 두개의 코일형 이중체 (coiled-coil dimers)가 
나란한 방향으로 배열되어 사중체를 형성하고 있는 것을 확인
할 수 있었는데, 이는 기존 중간 필라멘트 비멘틴에서 관찰된 
A11 결합과 유사하였다. 더 나아가 케미컬 크로스링커와 질량 
분석법을 적용하여 라민 필라멘트의 연장에 관여하는 새로운 
 
 ２０５ 
결합 (eA22 interaction)을 발견하였다. 이러한 두가지 결합 (A11, 
eA22 결합)을 통해 라민 조립 메커니즘을 분자적으로 제시하
였으며, 이는 최근 제시된 초저온 전자토모그래피 (Electron 
cryotomography; Cryo-ET) 이미지와도 일치하였다. 
 
또한 필라멘트가 세로방향으로 확장될 때 코일 1a의 역
할을 밝히기 위해 코일 1a의 a와 d 위치에 존재하는 아미노산 
잔기의 변형을 도입하여 eA22 결합의 결합강도가 변화되는 것
을 관찰하였다. 실험 결과 코일 1a의 안정도에 따라서 eA22 
결합이 변화된다는 것을 확인할 수 있었다. 여러 세포에 돌연
변이 라민 유전자를 과발현시켜 핵의 모양과 라민 단백질의 
분포를 관찰하였을 때에도 일관된 결과를 얻었다. 이러한 연구
는 코일 1a가 eA22 결합을 위한 분자적 스위치로 역할을 한다
는 것을 시사하며 라민과 관련된 질병을 위한 치료제 개발에 
분자적 기반을 마련할 것으로 기대한다.  
 
라민 A/C 유전자의 무성 돌연변이 (silent mutation) 가 
발생하면 C-말단이 잘려진 상태의 단백질인 프로제린 (progerin)
 
 ２０６ 
이 생성되며 이는 허친슨-길포드 프로게리아 증후군 
(Hutchinson-Gilford progeria syndrome; HGPS)을 일으킨다. 기형적
인 핵 모양은 HGPS 세포의 특징으로, 정상적인 노화 세포에서
도 이와 같은 특징이 나타난다. 최근 연구에서는 프로제린이 
라민 A/C의 중간 파편과 직접 상호작용하여 핵변형을 일으킨
다는 사실이 밝혀졌다. 해당 상호작용을 차단하는 합성 화합물
(JH4)은 세포와 마우스 모델 모두에서 노화 표현형을 개선하는 
효과를 보였다. 본 연구에서는 프로제린과 정상적인 라민의 결
합을 억제하는 천연물을 스크리닝하였다. 여러가지 후보물질 
중 플라보노이드 계열의 모린을 최종 후보물질로 선택하였다. 
모린은 프로제린과 라민의 결합을 억제하는 효과를 나타내었
다. 프로제린을 과발현시킨 세포와 HGPS 세포에 모린을 처리
하였더니 핵이 변형되는 현상이 완화되었고, 이는 기존에 합성
된 JH4 물질과 비슷한 수준으로 효과를 보였다. 모린은 항산
화 효과를 가지고 있는 자연물질이기 때문에 모린을 기능성 
식품으로 개발한다면 HGPS 환자들뿐만 아니라 정상적인 노화 
작용에 대하여 수명과 건강을 향상시키는 효과를 기대할 수 
있을 것이다.  
